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Abstract
Recurrent miscarriage (RM) is a common reproductive endocrine disease in women of childbearing age.
At present, the etiology of RM in approximately 50% women remains unknown. The purpose of this study
was to explore the possible mechanism(s) of enolase 1 (ENO1) in RM and to seek a new target for clinical
diagnosis and treatment of the disease. In this study, we detected the expression difference of ENO1 in
villous tissues between the RM group and the control group, and we found that ENO1 was signi�cantly
lower in the RM group. Immunohistochemistry was also performed to examine the localization and
expression of ENO1 in villous cytotrophoblast cells, and we found that ENO1 was mainly expressed in the
cytoplasm, cell membrane, and nucleus of trophoblast cells. The villous trophoblast cell membrane
coloration in the control group was signi�cantly darker than that in the RM group, suggesting that ENO1
is expressed at low levels on the cell membrane of trophoblast cells of RM. ENO1 knockdown
signi�cantly inhibited cell migration and proliferation compared with the blank control group. Therefore,
we conclude that ENO1 may mediate the occurrence of RM by downregulating the proliferation and
invasion of villous trophoblasts. The speci�c mechanism needs further clari�cation.

1. Introduction
Generally, recurrent miscarriage (RM) is de�ned as the failure of 3 or more consecutive clinical
pregnancies before 20 weeks of gestation with the same partner. However, several reproductive medicine
societies de�ne RM as two or more consecutive pregnancy losses recognized under ultrasound or
histopathology[1, 2]. According to the 2016 Chinese expert consensus and guidelines, RM refers to 3 or
more consecutive spontaneous abortions before 28 weeks of pregnancy[3]. RM is a common reproductive
disease worldwide, plaguing 2%~5% of conceived women[4], and its incidence has exhibited an obvious
increasing trend.

The known pathogenic causes of RM include couples or embryonic chromosomal abnormalities,
prothrombotic state, uterine malformation, endocrine dysfunction, infection, and immune factors[2]. It is
estimated that the etiology of RM in approximately 50% of women is unknown. Environmental, genetic,
and epigenetic factors are potentially causal roles in RM[2, 3]. Multiple studies have found that
trophoblast invasion and spiral artery remodeling dysfunction are reduced in decidual tissues with RM.
This feature is also considered to be one of the causes of RM, and it is also speculated to be a critical
element to elucidate its pathogenesis.

Placental trophoblast cells play an important role in embryonic development and pregnancy
maintenance; their two main functions are invasiveness and endocrine function. Trophoblast cell
invasiveness is highly similar to that of tumor cells. Its normal proliferative capacity, migratory status,
and invasive ability provide the basic conditions for the formation of a functional placenta, embryonic
development, and pregnancy maintenance. Trophoblast cell invasiveness has strict spatiality and
temporality, which is highly regulated, and is especially increased in early pregnancy but weakens or even
disappears in mid-to-late pregnancy. The aggressive behavior of extravillous trophoblast (EVT) cells in the
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uterine epithelium is a prerequisite for placenta formation. Placental trophoblast cells have functional
characteristics similar to cancer cells; both have a high degree of proliferation and invasion capabilities,
and there are many common gene expression similarities in both cells[5].

Enolase (ENO), known as 2-phosphate-D-glycerol hydrolase, is a metabolic enzyme involved in pyruvate
synthesis that maintains the level of ATP in cells and meets the energy required for life activities. ENO can
exist in the cytoplasm, cell membrane and nucleus simultaneously[6]. Recent studies have shown that
ENO1 plays an important regulatory role in many biological processes, such as plasminogen activation
and plasmin activity, myogenesis, apoptosis, tumorigenesis and development[7]. The biological
characteristics of trophoblasts and tumor cells are highly similar. The clear functional role of ENO1 is
also closely related to the etiology of recurrent abortion. Whether ENO1 plays a critical role in the
development mechanism of RM is worth exploring.

This article aims to investigate the expression of ENO1 in villous tissue of RM and the effect of the gene
on the proliferation and invasion of villous trophoblasts.

2 Material And Methods

2.1 Participating cohorts
The inclusion criteria of the sample group (n = 8) of this study included women who experienced
spontaneous abortion 3 or more times before 12 weeks of pregnancy. The ultrasound examination of
these pregnancies con�rmed that no primitive cardiac tube pulsation was found, and the pregnancy was
terminated by induced abortion. Chromosomal abnormal villi were ruled out by array-CGH diagnosis. The
control group (n = 8) included women selected at random who underwent abortion at the same hospital
before 12 weeks of pregnancy without adverse pregnancy.

Villous tissues were obtained under aseptic conditions, washed thoroughly with sterile physiological
saline to remove blood and decidual tissue, divided into 0.5 cm in diameter, and labeled in liquid nitrogen
for storage.

2.2 Cell line
HTR-8/SVneo cells were obtained from the China Typical Culture Preservation Center (Wuhan University,
China), which is an extracellular trophoblast cell line originating from �rst-trimester villous explants.

2.3 Total RNA isolation and quantitative real-time
polymerase chain reaction (qRT-PCR)
Total RNA was extracted from villi tissue trophoblast cells using TRIzol reagent (Invitrogen, USA). cDNA
was synthesized using a PrimeScript First Strand cDNA Synthesis Kit (TaKaRa, Japan), and qPCR was
performed using SYBR Green I mix (Takara, Japan). The thermocycling conditions were as follows: 95 °C
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for 10 s, 40 cycles of 95 °C for 5 s and 60 °C for 30 s. GAPDH mRNA was used as an internal standard,
and each result was normalized to GAPDH. All experiments were performed in triplicate, and Ct values
were converted to fold expression changes by the 2− CT method. The following primers were used:
GAPDH: 5'-AATCCCATCACCATCTTCC-3' (forward) and 5'-GAGTCCTTCCACGATACCAA-3' (reverse), ENO1:
5'-AAAGCTGGTGCCGTTGAGAA-3' and 5'-GGTTGTGGTAAACCTCTGCTC-3' (reverse).

2.4 Immunohistochemistry
Villi tissues were �xed with 4% paraformaldehyde solution, embedded in para�n, and stained routinely.
The sections were dewaxed in turn with xylene, dehydrated with gradient alcohol, and antigen-repaired by
microwave drying in lemon saline for 15 minutes. The endogenous peroxidase activity of the sections
was blocked by depara�nization and 0.3% hydrogen peroxide treatment for 15 minutes. The sheep
serum working solution was added dropwise to further seal the sections, and then the rabbit primary
antibody (Abcam) against ENO1 was added dropwise and incubated at 4 °C for more than 16 h. After
washing, biotinylated secondary antibody (G1210-2-A, Servicebio) was added dropwise and incubated for
60 minutes at room temperature. The expression of ENO1 was visualized by 3,30-diaminobenzidine
tetrahydrochloride (DAB) section staining. After the slices were developed, they were counterstained with
hematoxylin. Analysis was performed after taking pictures under a �uorescence microscope (Nikon,
Japan).

2.5 In vitro experiments
HTR-8/SVneo cells were cultured in RPMI 1640 medium with 10% fetal bovine serum (FBS), 100 µg/ml
penicillin-streptomycin and 100 µg/ml penicillin (all Gibco, USA) at 37 °C in a 5% CO2 incubator.

At 36 h, 48 h, 72 h, and 96 h after transfection with ENO1 siRNA, cells were harvested for cell proliferation
and invasion analysis. For cell proliferation analysis, cells were seeded into 96-well plates (5000 cells per
well). After transfection, 10 µl CCK8 solution (Dojindo, Japan) was added into each well and cultured for
1 h, and the absorbance was measured at 490 nm.

The proliferation capacity of HTR-8/SVneo cells after ENO1-siRNA transfection was determined by a
clonogenic assay. Cells at the logarithmic growth phase were seeded in 6-well plates and cultured in a
37 °C incubator for 24 h. A single cell suspension was prepared for ENO1-siRNA transfection. Twenty-four
hours after transfection, the cell concentration was trypsinized and adjusted to 1 × 105 cells. Following
incubation for 10 ~ 14 days, the cells were �xed with 4% paraformaldehyde in PBS for 10 minutes and
stained with crystal violet solution (1% solution; Sigma-Aldrich) for 60 minutes. After washing with PBS
again, the number of clones was counted and recorded.

For invasion analysis, 500 µl medium containing 10% FBS was added per well in a 24-well plate.
Transwell chamber inserts were put into the wells with 100 µl cell suspension mixed with serum-free
medium. The cells were immobilized with polyoxymethylene and photographed after 36 h.

2.6 Western blot analysis
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Total protein was extracted from villous tissues and HTR-8/SVneo cells using RIPA buffer and a protease
inhibitor and quanti�ed by the bicinchoninic acid method (Biyuntian, China). Western blots were
performed using antibodies against ENO1 (1:2000, Abcam, UK), GAPDH (1:10000, Proteintech, USA), and
goat anti-rabbit secondary antibodies (1:500, Proteintech, USA) following standard protocols. Sixty
micrograms of protein were subjected to SDS-PAGE and transferred to PVDF membranes. The PVDF
membrane was placed in TBST containing 5% skimmed dried milk and sealed in a shaker at 37 °C for 1 h.
Primary antibody was added followed by incubation at 4 °C overnight, and then the membranes were
washed with TBST three times and incubated with HRP-conjugated secondary antibody for 1 h at 37 °C.
The immunoreactive bands were visualized using ECL-Plus reagent (Biyuntian, China). Three repetitions
were performed. The intensities of the protein bands were quantitated using ImageJ software.

2.7 Statistical analysis
All experiments were repeated 3 times. The data were analyzed by IBM SPSS17 for Windows software.
The experimental data had homogeneous variance, expressed as the mean ± SD. Independent sample T
tests were used to perform pairwise comparisons between the two groups. The difference was
statistically signi�cant at a P value of less than 0.05.

3 Results

3.1 Expression of ENO1 in villi of recurrent miscarriage
patients
Real-time RT-PCR and Western blotting were used to detect the expression level of ENO1 in the villous
tissue of RM patients and the control group. The mRNA and protein levels of ENO1 were signi�cantly
lower in RM tissues than in controls, decreasing by 29.7% and 70.9%, respectively, with statistical
signi�cance (P = 0.0118, P = 0.0079) (Fig. 1).

To further explore the function of ENO1, the cellular localization and protein expression of ENO1 were
measured using immunohistochemistry. The results showed that ENO1 was mainly expressed in the
cytoplasm, cell membrane and nucleus of trophoblast cells. The cell membranes of villous trophoblast
cells in the control group were dark brown, while those of villous trophoblast cells in patients with RM
appeared light yellow (Fig. 2).

3.2 Knockdown of ENO1 inhibited the proliferation and
invasion of HTR-8/SVneo cells
ENO1 siRNA interference fragments were transfected in vitro, and three ENO1 siRNAs and one nonspeci�c
ENO1 siRNA fragment were designed for different sites. The knockdown e�ciency of ENO1 was detected
by Western blot analysis. As shown in Fig. 3A, ENO1 protein levels decreased by 85% and 87% after
transfection with siRNA1 and siRNA2, respectively, in HTR-8/SVneo cells but only decreased by 30% after
transfection with siRNA3. Therefore, ENO1 siRNA1 and siRNA2 were selected for the follow-up experiment
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(Fig. 3A). The CCK8 results showed that the cell activity did not change signi�cantly after transfection of
ENO1 siRNA1 and ENO1 siRNA2 for 72 h. However, after 96 h of transfection, the cell proliferation ability
decreased by 22.9% and 25.9% compared with the control group (P = 0.0116, P = 0.0126) (Fig. 3B). The
results of clone formation experiments revealed that transfection of ENO1 siRNA1 and ENO1 siRNA2
signi�cantly inhibited the cell activity of villous trophoblast cells by 46.1% and 76.6% (P = 0.0003, P < 
0.0001), respectively, compared with the control group (Fig. 4A). The Transwell chamber was used to
detect the effect of ENO1 knockdown on the invasion ability of trophoblast cells. The results
demonstrated that after 36 h of treatment with ENO1 siRNA1 and ENO1 siRNA2, the number of villous
trophoblast cells that passed through Matrigel was signi�cantly reduced, which was 43.1% and 54.2%
lower than the control group (P = 0.0056, P = 0.0036), indicating that ENO1 signi�cantly inhibited the
invasion ability of villous trophoblast cells (Fig. 4B).

4 Discussion
ENO is present in almost all mature tissues of the human body and coexists in the cytoplasm, cell
membrane and nucleus[6]. ENO1, also known as α-enolase, is one of the most important enzymes in
enolase. Recent studies have shown that ENOl plays a critical regulatory role in biological processes such
as plasminogen activation, plasmin activity, myogenesis, apoptosis and tumor development[7]. ENO1 can
also be used as an autoantigen to induce an immune in�ammatory response[8]. The autoimmune
response against ENO1 may be an important mechanism in diseases such as Hashimoto
encephalopathy and glomerulonephritis[9]. ENO1 may also play a crucial role in the stress response,
which is important for cell survival. For example, myocardial cell damage could activate ENO1 in the
cytoplasm, and then ENO1 is transported to the cytoskeleton and contractile �laments[10]. As a molecular
companion of ENO1, the above structures are stabilized, and the normal function of the myocardium is
maintained. Recently, substantial evidence has shown that ENO1 is related to the occurrence and
metastasis of malignant tumors, such as metastatic breast cancer, pancreatic cancer, liver cancer and
other cells with high malignancy. In pancreatic ductal adenocarcinoma (PDA) cells, ENO1 can act as a
plasminogen receptor and promote cell invasion and migration. In addition, ENO1 silencing can induce
oxidative stress and alter the metabolism of PDA cells. The results of the study suggest that ENO1
promotes the survival, migration, and transfer of PDA through a synergistic effect with integrin and
urokinase plasminogen activator receptor (uPAR)[11]. The α-enolase on the surface of lung cancer cells
promotes the degradation of extracellular matrix and the invasion of cancer cells. Targeting surface α-
enolase is a promising method for inhibiting tumor metastasis[12]. In addition, overexpression of ENO1
will increase the secretion of progesterone in granulosa cells cultured in vitro in goose follicles,
suggesting that it may be related to corpus luteum function[13].

The role of ENO1 in RM and its mechanism of action in trophoblasts is unclear. The related functions of
ENO1 that are known, including plasminogen activity, endocrine activity, autoimmune response, and
oncogene promoting cell migration, invasion and metastasis, are closely related and highly similar to the
molecular mechanisms of RM.
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Using real-time RT-PCR and Western blot experiments, we found that the mRNA and protein levels of
ENO1 in the villous tissue of patients with RM were signi�cantly lower than those of normal abortions.
Through immunohistochemical experiments, we found that ENO1 was expressed in the cytoplasm, cell
membrane and nucleus of trophoblast cells. The villous trophoblast cell membrane coloration in the
control group was signi�cantly darker than that in the RM group, suggesting that ENO1 is expressed at
low levels on the cell membrane of trophoblast cells of patients with RM. The villous trophoblast cell
membrane coloration was signi�cantly deeper than that in the recurrent abortion group, suggesting that
ENO1 is expressed at low levels on the cell membrane of villous trophoblast cells. Previous studies have
found that ENO1 located on the surface of cell membranes plays an important role in the plasmin system
and is a plasminogen-binding molecule[7]. The interaction between plasmin and ENO1 promotes the
pathophysiological process of cell migration, such as in�ammation, cell invasion and cancer metastasis.

The implantation process of the embryo depends on the dynamic balance between the synthesis of the
placental trophoblast cells and the secretion of a large number of �brinolysis/anti-�brinolysis-related
protein factors, which can effectively dissolve the endometrial tissue to facilitate the invasion of
trophoblast cells and the formation of the placenta while causing local bleeding of decidual tissue and
leading to adverse pregnancy outcomes. We found that the expression of ENO1 is downregulated on the
cell membrane of trophoblast cells in RM. According to the previous function of ENO1, ENO1 may reduce
the invasion and migration of trophoblast cells by inhibiting the action of the �brinolytic system, thereby
promoting the occurrence of RM, which needs further experimental veri�cation.

Trophoblast cell dysfunction can lead to pregnancy-related diseases such as intrauterine growth
restriction, preeclampsia, eclampsia, spontaneous abortion, premature delivery, and choriocarcinoma[14].
We detected changes in the proliferation and invasion function of HTR-8/SVneo cells after knocking
down ENO1 through CCK8 and Transwell chamber assays. We found that the proliferation and invasion
function of EVT cells decreased signi�cantly with the downregulation of ENO1, which is consistent with
the biological behavior of tumor cells. Fu QF et al. found that upregulation of ENO1 activates
FAK/PI3K/AKT and its downstream signals, regulating glycolysis, the cell cycle and EMT-related genes to
promote the proliferation and metastasis of non-small cell lung cancer (NSCLC)[15]. Overexpression of
ENO1 is also related to the progression of gliomas, and inhibiting ENO1 expression can inhibit the
process of cell growth, migration and invasion by inactivating the PI3K/Akt pathway in glioma cells[16].
In previous studies on RM, cell proliferation, invasion, migration, and angiogenesis-related signaling
pathways, such as the Wnt/β-catenin signaling pathway[17], the PI13K signaling pathway[18], and the
ERK and other signaling pathways[19], participated in the occurrence and development of RM. Further
research is needed to verify whether ENO1 affects the function of trophoblast cells through the above
pathways.

In summary, the low expression of ENO1 in tissues of RM and the effect on the function of EVT cells in
vitro suggest that it may play an important role in RM, and further studies of the speci�c mechanism are
needed. Whether ENO1 leads to trophoblast cell proliferation and invasion by activating plasminogen and
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whether ENO1 is involved in the occurrence of recurrent miscarriage through the autoimmune response
and affects the secretion of progesterone and the related mechanisms are worthy of further discussion.
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Figure 1

A. ENO1 mRNA level in villous tissue of patients with recurrent miscarriage was 29.7% lower than that of
the control group (P = 0.0118); B, C. ENO1 protein level in villous tissue of patients with recurrent
miscarriage was 70.9% lower than that of the control group (P = 0.0079). * P 0.05, ** P 0.01
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Figure 2

ENO1 localization and expression in trophoblast cells. Immunohistochemistry analysis of ENO1 stain
from placental villus of RM patients and health control women. The cell membranes of villous
trophoblast cells in the control group were dark brown, while those of villous trophoblast cells in patients
with RM appeared light yellow.

Figure 3

A. Western blot analysis was used to detect the knockdown e�ciency of three ENO1 siRNAs in HTR-
8/SVneo cells. After transfection of ENO1 siRNA1 and siRNA2, ENO1 protein expression was
downregulated by 85% and 87% for subsequent experiments; B. CCK8 assays were performed to
determine cell proliferation of HTR-8/SVneo cells after transfection with ENO1 siRNA. As revealed by the
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results, the transfection of ENO1 siRNA1 and ENO1 siRNA2 for 96 h reduced the cell proliferation ability
by 22.9% and 25.9%, respectively, compared with the control group (P = 0.0116, P = 0.0126). * P 0.05 ** P
0.01

Figure 4

Quanti�cation and image of the clonogenic assay and Transwell chamber assay after HTR-8/SVneo cell
transfection with ENO1 siRNA. A and B. The clonogenic results showed that compared with the control
group, ENO1 siRNA1 and ENO1 siRNA2 transfection signi�cantly inhibited the cell activity of villous
trophoblast cells, which were downregulated by 46.1% and 76.6%, respectively (P = 0.0003, P <0.0001). C
and D. The Transwell chamber assay results showed that after 36 h of transfection with ENO1 siRNA1
and ENO1 siRNA2, the number of villous trophoblast cells that passed through Matrigel decreased by
43.1% and 54.2%, respectively (P = 0.0056, P = 0.0036). ** P 0.01, *** P<0.001.


