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ABSTRACT

Evaluating the Implantation of             

Trophoblast Cells in an Artificial 3D 

Uterine Model

Ji Sun Kim

Department of Biology

Graduate School 

Sungshin University

During early embryo development, implantation is a critical point for delivery 

rates in mammals. Besides, the high rate of implantation failure remains a major 

problem in artificial reproductive fields. However, the mechanisms of 

implantation failure are still poorly understood. Implantation is complex process 

that involves a delicate coordination and a dialog between the blastocyst and 

the endometrium. Implantation process in human is different in some degree

from that of mice and rats, and limiting the application of findings from animal 

studies to humans. On the other hand, in vivo research on implantation in 

humans is constrained by ethical issues. So, for implantation research, it is 

necessary to establish a in vitro model similar to that of humans. In here, PEG 

hydrogel and epithelial cell line Ishikawa (receptive endometrium), AN3CA (non-
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receptive endometrium) and human stromal cell line T-HESC were employed to 

mimic the endometrium, and choriocarcinoma cell lines (e.g. JAR JEG-3 and 

BeWo) for the blastocyst. The size of the spheroids increased with increasing 

culture time, and the cell viability was over 90%. The inner structure of the 

spheroids was full of cells, and Differentiated multinuclear cell structures were 

found at spheroid cultured for 72 h. In addition, different attachment and 

invasion rates were shown in response to epithelial cell monolayers of different 

properties. Through this, it can be seen that spheroids can grow and 

differentiate and have an appropriate reactivity to epithelial cells. Based on this, 

a 3D culture model was constructed. Put together, it is suggested that this

configured model could be useful to mimic the maternal-embryo 

microenvironment and dissolve the various pathophysiological problems in 

human implantation.
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INTRODUCTION

Embryo implantation is a complex process that involves delicate coordination 

and interaction between the blastocyst and the receptive endometrium. In 

humans, at mid-secretory phase of the menstrual cycle, the uterus becomes 

"receptive" endometrium, commonly as a window of implantation (WOI)

(Aghajanova et al., 2008). During WOI, the endometrium becomes receptive to 

implantation by estrogen and progesterone. Estrogen induces endometrial 

proliferation. As progesterone increases after ovulation, morphological and 

functional changes in the endometrium occur and promote a shift from the 

proliferative phase to the secretory phase. Meanwhile, the epithelial glands 

continue to grow, and the vasculature becomes a spiral; the endometrial 

thickness remains relatively constant, which leads to an increase in endometrial 

density (Chen et al., 2022). Under these conditions, the endometrium prepares 

for embryo implantation. During this period, embryo can implant and a 

competent blastocyst initiate attachment to the endometrial epithelial (Jason et 

al., 2021). The trophoblast proliferates and invades the decidualizing area (Carter

et al., 2015).

Implantation consists of three processes: First, the blastocyst moves to the 

implantation site known as "pinopode" on the endometrium and forms a weak 

bond between the blastocyst and the endometrium (apposition). Second, 

trophoblast cells attach to the endometrium and form strong bonds

(attachment). At this point, Integrin alpha V beta 3, known as the implantation 

marker, is expressed in both endometrium and blastocyst. Integrin is an 

adhesion molecule, and beta 3 is not expressed in human oocytes but has been 

reported to be expressed in syncytiotrophoblast. Third, trophoblast cells begin 
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to differentiate, they invade the endometrium stroma (invasion) (Rashid et al., 

2011, Su-Mi Kim & Jong-Soo Kim, 2017, Hirota et al., 2019).

During the invasion process, the expression of MMP is increased, and MMP 

is associated with extra-cellular matrix remodeling by decomposing ECM protein

(Gualdoni et al., 2022). Therefore, it is essential for the invasion and migration 

of cells, and the invasive capacity of the trophoblastic cell is related to the 

increase of MMP-2 and -9 (Staun et al., 2004). In addition, differentiation of the 

cytotrophoblast surrounding the blastocyst occurs. cytotrophoblast

differentiates into syncytiotrophoblast and extravillous trophoblast (Silva et al., 

2016). Syncytiotrophoblasts are formed by the fusion of villous cytotrophoblasts 

and cell fusion is a well-orchestrated process known to be mediated by syncytin-

1 (ERVW-1) (Huang et al., 2013). The conversion from the mononucleated to 

the syncytial state results in alterations of the trophoblast phenotype over time, 

resulting in the production of placental hormones such as human chorionic 

gonadotropin (hCG) (Rothbauer et al., 2017). It also has the function of 

exchanging nutrients and gas into the placental barrier between the mother 

and fetal blood. On the other hand, extravillous trophoblast has an invasive 

property and invasion deep into myometrium (Velicky et al., 2016, Tarrade et al., 

2001).

Embryo implantation is an important process in ontogenesis, and individual 

development is impossible without implantation. Pregnancy failure after assisted 

reproductive technology (ART) is 49.7%, and implantation failure is the main 

problem, so more research is needed to understand the implantation 

mechanism. For implantation research, it is necessary to establish an in vitro 

model similar to that of humans (Wang et al., 2012). Ethical problems exist in 

using human samples, and experimental animals such as mice have limitations 
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because they are different from the process of human implantation. Therefore, 

it is necessary to develop an in vitro model based on human cell lines.

The two-dimensional (2D) cell culture model was used to study the early fetal-

maternal interaction. Primary epithelial and stromal cell monolayers mimicked 

the 2D endometrial environment, and trophoblast spheroids were used to mimic 

human blastocysts (Fitzgerald et al., 2021). This model enables us to investigate 

molecular events beyond the luminal epithelium-embryo attachment and 

endometrium dysfunction during reproductive failure. However, one of the main 

disadvantages of the 2D culture of primary endometrial cells is their reduced 

biological activities after several passages and diminished responses towards 

sex hormones, which are not supportive of studying their morphological and 

functional roles. So endometrial adenocarcinoma and immortalized epithelial

cell lines began to be used (Hannan et al, 2010).

In addition, to overcome the limitation of 2D culture three-dimensional 

architecture have been employed. Among the culture plates used to develop 

3D models, Transwell-type membrane cultures are widely used, as they foster a 

well-polarized and well-differentiated epithelial layer that communicates with 

stroma plated on the underside of the semi-permeable membrane or on the 

bottom of the culture dish (Pierro et al, 2001). While this approach allows the 

analysis of apical and basal compartments separately, it potentially distorts 

physiological interactions by physically separating cells and diluting paracrine 

signals (Cook et al., 2017). 

Endometrial cell-extracellular matrix (ECM), a tridimensional (3D) matrix 

scaffold, provides biochemical and biophysical support to the endometrial cells. 

Monolayer culture without ECM alters the activity and secretion function of the 

endometrial epithelium (Jensen et al., 2020). The advantage is that collagen and
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matrigel present more attachment ligands as bioactive hydrogels than inert 

hydrogels such as alginate and agarose (Miao et al., 2018). Therefore, Matrigel 

consists of various factors, including collagen type IV, and laminin, entactin is 

commonly used, but it has distinct disadvantages. Because Matgel is a raw 

material extracted from Engelbreth–Holm–Swarm mouse sarcoma, potential risk 

of transmission of animal pathogens that infect macrophages and affect the 

immune systems. (Kim et al., 2022). Both culture plate and matrigel limitations 

can be overcome by using synthetic hydrogel synthetic hydrogel, encapsulating 

stromal cells in synthetic hydrogel ECM, and plating epithelial cells on top to 

better express normal in vivo tissue structures, and providing a more 

physiological 3D environment for the resulting stromal cells (Cook et al., 2017).

polyethylene glycol (PEG)-based hydrogels and gelatin hydrogels have most 

commonly been employed as chemical tools to recapitulate key aspects of the 

extracellular matrix (Félix Vélez et al., 2022). The advantages of PEG hydrogels 

are that they can control the mechanical properties of the gel, easily control the 

scaffold structure and chemical composition, and show high cell visibility when 

the cells are encapsulated in the gel. PEG hydrogels do not support cell 

adhesion due to their bio-inert properties. However, RGD, a cell binding domain 

derived from Fibronectin, can be used to increase cell adhesion. In addition, a 

crosslinker composed of metalloprotease (MMP)-cleasable peptide is used to 

synthesize hydrogels that can be broken down into MMPs, providing an 

environment in which cells can diffuse or migrate, similar to the invasion phase 

during the implantation process.

So, here, a 3D culture model system was designed: PEG hydrogel and

epithelial cell line Ishikawa (receptive endometrium), AN3CA (non-receptive 

endometrium) and human stromal cell line T-HESC, matrix to mimic the 
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endometrium, and choriocarcinoma cell lines (e.g. JAR JEG-3 and BeWo) to 

mimic the blastocyst. This configured model is a 3D model that mimics the 

uterus. It distinguishes the characteristics of the spheroids by cell line, The 

implantation rate was different by the epithelial lines, and the expression profiles 

of implantation markers were different between them. Those data suggested 

that my model may be useful in vitro study for human implantation.
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MATERIALS AND METHODS

Cell lines 

The human choriocarcinoma cell lines (JAR, JEG-3, BEWO), human endometrial 

stromal cell (THESC), and human endometrial epithelial cells (AN3CA, Ishikawa) 

were used in these studies. All cell lines were obtained from the America Type 

Culture Collection (ATCC). JAR cells were cultured in RPMI1640 (Gibco, 

Cat#31800-022, New York, US) supplement with 10% FBS (Sigma, Cat#12003C,

Burlington, US), 2 mM L-glutamine (Sigma Aldrich, Cat#G5763, Burlington, US), 

100 U penicillin and 100 μg/ml streptomycin. JEG-3 cells were cultured in 

Dulbecco's Modified Eagle Medium (DMEM) high glucose (Gibco, Cat#12100-

046, Burlington, US) supplement with 10% FBS, 1 mM sodium pyruvate (Sigma 

Aldrich, Cat#P5280, Burlington, US), 100 U penicillin and 100 μg/ml streptomycin. 

BEWO cells were cultred Dulbecco′s Modified Eagle's Medium/Nutrient Mixture 

F-12 Ham (Sigma Aldrich, Cat#D2906, Burlington, US) supplement with 10% FBS, 

2 mM L-glutamine, 100 U penicillin and 100 μg/ml streptomycin. AN3CA cells 

were cultured in DMEM high glucose supplement with 10% FBS, 1 mM sodium 

pyruvate, 100 U penicillin and 100 μg/ml streptomycin. Ishikawa cells were 

cultured in DMEM:F12 supplement with 10% FBS, 2 mM sodium pyruvate, 100

U penicillin and 100 μg/ml streptomycin. THESC cells were cultured in 

DMEM:F12 supplement with 10% FBS, 2 mM sodium pyruvate, 100 U penicillin 

and 100 μg/ml streptomycin. All cell lines were cultured at 37℃, 5% CO₂. Media 

were changed every second day.
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Spheroid culture

Human choriocarcinoma cell spheroids were generated according to our 

previous protocol with slight modifications. (Evans et al., 2020) Methylcellulose 

(4000 centipoises, Sigma Aldrich, Cat#M0512, Burlington, US) at 1.5% (w/v) was 

dissolved in DMEM medium by stirring at room temperature for 90 min followed 

by stirring overnight at 4°C and subsequent centrifugation for 90 min at 3500 

rpm to remove insoluble methylcellulose. Human choriocarcinoma cell (JAR, 

JEG-3, BEWO) monolayers were detached with 0.25% trypsin-1.0 mM EDTA. JAR, 

JEG-3 and BEWO cells were seeded at densities of 1.5×103 cells/well, 2.5×103

and 2.5×103 respectively in non-treated U-type 96-well with 20%

methylcellulose/80% DMEM spheroid media. Culture medium was added up to 

150 μl after 30 minutes incubation.

Spheroids viability assay

Live/dead viability/cytotoxicty kit (invitrogen, #L3224, Massachusetts, US).

Double stain viability assasy with calcein and ethidium homodimer-1 (Eth-D) to 

assess the viability of spheroid. Spheroids were cultured for 24 h, 48 h, 72 h and 

dual labeled with a final concentration of 5 μM calcein AM and 20 μM ethidium 

homodimer-1. Spehroids were incubated 30 min at RT. The labeled spheroid 

were placed single concave slide and imaged on LSM700 confocal microscope 

(Carl Zeiss, Oberkochen, Germany). Laser optimized and image obtain with of 

the Z-stack software.

Histology and Immunoflorescence

The spheroids were fixed 4% paraformaldehyde for 2h, transferred 70% 

ethanol, then embedded in paraffin. For histology analysis, 4 μm section were 
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stained with Hematoxylin (Vector Laboratories, California, USA) and Eosin (Eosin-

Y 0.5% solution, Merk). Immunofluorescence was performed after 

deparaffinization and boiling the sample slide with 10 mM sodium citrate buffer

(pH 6.0) for antigen retrieval. Samples were incubated with 1% normal goat 

blocking serum in PBS for 1 h. Then samples were incubated with beta hCG 

primary antibody (Novus, #NBP2-54685, dilution 1:200) and E-cadherin 

antibody (Cell signaling, #14472, dilution 1:200) in 0.1% BSA in PBS for 2h at RT.

After washed in PBST and PBS incubated with Alexa Fluor 488 conjugate anti 

rabbit secondary antibody (Cell signaling, #4412, dilution 1:1000) and Alexa 

Fluor 594 conjugate anti mouse secondary antibody (Cell signaling, #8890, 

dilution 1:1000) for 1h at RT. Then the samples were washed and incubated with 

DAPI (1:100) for 30 min at RT. Slides were washed and mounted. The florescence

signal was imaged on LSM700 confocal microscope (Carl Zeiss).

Attachment assay

The Ishikawa cells or AN3CA cells were seeded at 5× 104 cells per well in 24-

well plate. Spheroids with diameter of 100–200 μm were selected and 10

spheroids were added onto Ishikawa or AN3CA monolayer. co-culture was 

maintained for 24 h, 48 h at 37°C under 5% CO2. Co-culture media was used 

in a mixture of endometrial epithelial cell medium : trophoblast cell medium = 

1:1 (i.e. RPMI1640/DMEM:F12 1:1 case of JAR-Ishikawa). Briefly, spheroids were 

PBS washing and then subjected shaking at 140 rpm for 10 min.

3D endometrial culture

3D emdometrial culture was using TrueGel3D Hydrogel Kit (Sigma Aldrich, 

Cat#TRUE1, Burlington, US). 1x105 THESC cells were suspended in 50 μl RGD 

degradable polymer and CD cell-degradable crosslinker mixture. Plate the 
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mixture in insert well with 8.0 µm Transparent PET Membrane (Falcon, #353097, 

Las Vegas, US). After incubate the mixture at 37℃ for 20 minutes, Add 100 μl 

culture medium. After one hour of incubation, remove medium and seeding 

7x104 epithelial cells. And add 200 μl culture medium in well.

Prior to cell culturein hydrogel, the cells were labelled with the fluorescent 

vital dye, PKH26 (Sigma Aldrich, Cat#PKH26GL, Burlington, US) and PKH67 

(Sigma Aldrich, Cat#PKH67GL, Burlington, US) according to the manufacturer’s 

instructions. Image acquisition using LSM700 confocal microscope with Z-stack 

software.

Total RNA extraction and cDNA synthesis

Total RNA was extracted using RNeasy micro kit (Qiagen, #74004, Germany) 

and determined using Nanodrop Spectrophotometer (ThermoFisher, 

Massachusetts, US). Briefly, reaction reagents are 34 μl total RNA, 10 μl MMLV 

5X buffer, 1 μl oligo dT primer (0.5 μg/μl), 1 μl random primer (0.1 μg/μl), 2 μl 

dNTP mix (100 mM). Reaction mixture was incubated at 65℃ for 5 min, placed

at RT for 5 min, and then added with 4.5 μl DTT (100 mM), 2 μl M-MLV Reverse 

Transcriptase (Promega, #M170B), 1 μl RNase block ribonu-clease inhibitor (40 

U/ml). The mixture was incubated at 42℃ for 1 h and 70℃ for 15 min to 

terminate cDNA synthesis. and kept -20℃ before it used.

Real-time PCR analysis

For quantification of expression levels, transcripts of target genes were 

amplified using reverse transcript(RT)-PCR and the specific primers (Table 2). 

Quantification real time RT-PCR was performed using SYBR Premix Ex TaqTM

(TaKaRa, #RR420, Japan) and AriaMx Real-time PCR System (Agilent, #G8830A, 
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US). Information of the thermal cycle are in Table 1. Each reaction was run in 

triplicate and consisted of 1 μl cDNA. Dissociation curves were run on all 

reactions to ensure amplification of a single product with the appropriate 

melting temperature. The fold change in gene expression was calculated using 

the ΔΔCt method with the housekeeping gene, ribosomal protein, 36B4, as the 

internal control. 

Image analysis

Measurements of spheroid size and live and dead area in viability assay were 

determined by average diameter measurements and ROI managers using 

ImageJ software (NIH, Bethesda, US). 

Statistics

the student's t-test, one-way ANOVA and Tukey's multiple-comparison test 

was performed to ecaluate the statistical significance beteen control and 

experiment group. Results were presented as mean ± SEM, SD. Values of P < 

0.05 were considered significant. one-way ANOVA and Tukey's multiple-

comparison test were using IBM SPSS statistic.
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Table 1. Real-time RT-PCR Thermal cycler schedule

Step Temperature(℃) Time cycles

Hold 94 30 min 1

3 steps PCR

Denaturation 95 1 min

45Annealing 59 30 sec

Extension 72 1 min

Dissociation

Denaturation 95 15 sec

1Annealing 60 30 sec

Extension 95 15 sec

Hold 4 Indefinitely 1
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Table 2. Primer sequences for quantitative real-time PCR

Gene Symbol NCBI gene reference Primer sequence (5'-3')
Amplified 

length (bp)

Homo sapiens growth differentiation 

factor 15
GDF15 NM_004864.4

S GGTGAATGGCTCTCAGATGCT
210

AS GTGTTCGAATCTTCCCAGCTCT

Homo sapiens endogenous retrovirus 

group W member 1

Syncytin-1

(ERVW-1)
NM_014590.4

S AATGCAGCGTCCCGGAAATA
247

AS ATCTTGAACTCCACCCCCATCA

Homo sapiens heme oxygenase 1 HO-1 NM_002133.3
S AGCATGCCCCAGGATTTGT

191
AS CTCTCCTTGTTGCGCTCAATCT

Homo sapiens CD44 CD44 FJ216964.1
S ACAATGGCCCAGATGGAGAAAG

207
AS GTGGAGCTGAAGCATTGAAGCA

Homo sapiens laminin subunit alpha 3 LAMA3 NM_198129.4
S TGAATGTCGGCCAGGAGTTAC

219
AS CATCCACTGGGGTTTTCTTTGTC

Homo sapiens selectin L (SELL) L-selectin NM_000655.5 S GATGACGCCTGCCACAAACTAA 213

AS CAAAGGGTGAGTACAGTCCATGGT

Homo sapiens integrin subunit alpha V ITGAV NM_002210.5 S GCTGTCGGAGATTTCAATGGTGA 248

AS AGTTTGCCATCAGAGCCACGAT

Homo sapiens integrin subunit beta 3 ITGB3 NM_000212.3 S CGGCCAGATGATTCGAAGAA 194

AS ACAAATGCCCCGAAGCCAAT

Human chorionic gonadotropin (hcg) 

beta subunit

hCG β J00117.1 S CTCTCAGCTGTCAATGTGCACTCT 201

AS GCGGATTGAGAAGCCTTTATTGTG

60S acidic ribosomal protein P0
Rplp0

(36B4)
NM_007475

S CGACCTGGAAGTCCAACTACTTCCT 303

AS GCACCTTATTGGCCAACAGCAT

Table 3. Antibody information



- 13 -

Antibody Description Cat # Company

E-cadherin Mouse monoclonal #14472 Cell signaling

Chorionic Gonadotropin beta 

Chain (hCG beta)
Rabbit polyclonal NBP254685 NOVUS

Anti-rabbit IgG (H+L), F(ab')2 

Fragment (Alexa Fluor® 488 

Conjugate)

Goat polyclonal #4412 Cell signaling

Anti-mouse IgG (H+L), F(ab')2 

Fragment (Alexa Fluor® 594

Conjugate)

Goat polyclonal #8890 Cell signaling

GAPDH Mouse monoclonal sc-32233 Santacruz
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RESULTS

Growth of Spheroids originated from JAR, JEG-3, BEWO

Spheroids from all cell lines significantly increased in size over time (Fig. 1A-

C). For JAR spheroids, the size increased significantly to 144.1±12 μm, 

155.2±21.5 μm, and 162.6 μm ± 10.3 μm, respectively, during 24, 48, and 72 h. 

Similarly, JEG-3 spheroids size significantly increased to 151.52±13 μm, 

160.6±17.9 μm, and 179.9±7 μm for each time. BEWO spheroids also 

significantly increased in size to 147.6±12.7 μm, 152.6±11.5 μm and 165.6±12

μm for each hour. Spheroid cultured for 24 h show a similar size to blastocyst, 

and these results confirmed that spheroids show a time-dependent growth 

pattern.
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Figure 1. Changes in spheroid size over culture time 

The size of the spheroid increased in a time-dependent. (A) JAR, (B) JEG-3, (C) 

BEWO. Data presented as mean ± s.d., n = 70. *Significant (p < 0.05); 

**Significant (p < 0.01); ***significant (p < 0.001).
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Viability of the cells in Spheroids

The viability of cells constituting the spheroid was measured depending on

the culture time. Calcein visualized live cells and ethidium homodimer-1 dead 

cells (Fig. 2). Analysis of z-stack images showed that more than 90% of cells 

survived during 24 to 72 hours of incubation. JAR spheroid showed 94±0.84%, 

93±1.8%, and 94±1.61% cell viability, respectively, for 24 h, 48 h, and 72 h of 

culture time, and JEG-3 spheroid showed 96±1.15%, 95±0.11%, and 95±0.1%, 

respectively. BEWO spheroid showed 92±0.11%, 95±0.02%, and 94±0.93% cell 

viability during the 24 h, 48 h, 72 h, respectively, and there was no significant 

difference among cell lines.



- 17 -



- 18 -

Figure 2. Viability of Spheroids

Z-stack image of spheroid. (A) JAR, (B) JEG-3, (C) BEWO, (D) The ratio of total 

live/dead cells percent. Spheroids growth with >90% live cells. Data presented 

as mean ± s.d., n = 3 spheroids; in each cell line. scale bars, 100 μm.
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Histology of the cells in Spheroids

The internal structure of the spheroids was confirmed through histology 

analysis (Fig. 3). The inside of the spheroids was composed of intact cells, not 

empty structures. Spheroids cultured for 72 h showed differentiated cells of 

multinuclear structure (Fig. 3J).
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Figure 3. Histology of spheroid

H&E staining of spheroids. (A-C) JAR spheroid. (D-F) JEG-3 spheroid. (G-H) 

BEWO spheroid. (J) JEG-3 spheroid cultured for 72h magnification × 100. 

Differentiated cells of JEG-3 spheroid (arrow). scale bars, 50 μm.

Differentiation of trophoblast in the spheroid
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Immunofluorescence was used to characterize the trophoblast cell type in

spheroid. E-cadherin is present at intercellular junctions in human 

trophectoderm and mononuclear trophoblasts (Aplin et al., 2009), and was used 

to demarcate mononuclear cells. Spheroids formed by each cell line were hCG-

positive starting from 24 hours of culture, and this positivity persisted up to 72 

h. These results indicated that spheroids from each cell line comprised

cytotrophoblasts and syncytiotrophoblasts (Fig. 4A).

β hCG fluorescence intensity increased significantly in all cell lines after 24 h.

The BEWO spheroids cultured for 72 h showed the highest fluorescence intensity.

However, there was no significant difference between each cell line (Fig. 4B). In 

addition, it was found that β hCG positive cells increased through the increase 

in the DAPI and β hCG ratio with the culture time (Fig. 4C).
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Figure 4. Syncytiotrophoblast marker expression in spheroids 

(A) Spheroid performed immunofluorescence staining after incubation for 24,48 

and 72 hours. The spheroids were β hCG positive at each culture time.  The 

fluorescence image is a merge of E-cadherin (red), nuclear retaining (DPIA, blue) 

and β hCG (green). (B) quantification of the β hCG expression in spheroids. 

fluorescence intensities per pixel as means ± SEM. n = 5 spheroids; in each cell 

line. a: A significant difference between 24h.

Difference in implantation marker expressions.

Expression of implantation-related genes was examined to confirm the 

potential of spheroids for implantation processes. The expression of 

implantation markers of monolayer and spheroids by cell line was compared, 

respectively. The attachment or invasion markers CD44, L-selectin, LAMA3, 

integrin alpha V and HO-1 were not expressed in all cell line spheroids.  

In all cell lines, the mRNA level of implantation-related genes was elevated 

when it was spheroids. The highest β hCG mRNA level was shown in the BEWO 

spheroid cultured for 72 h (Fig. 5A). Syncytin-1 is a gene that mediates cell 
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fusion, and it showed the highest level when cultured for 24 h in JAR and JEG-

3 spheroid. BEWO spheroid continued to maintain elevated mRNA levels at 24 

h (Fig. 5C). GDF15 is a gene that role in the migration and invasion of 

trophoblast cells (Zeng et al., 2023) and showed significantly higher mRNA levels 

in the JAR spheroid cultured for 24h (Fig. 5B). Integrin beta3 is a type of integrin, 

an adhesion molecule, and it showed high mRNA levels in 24 h spheroid, and 

BEWO spheroid remained high mRNA levels at 48 and 72 h (Fig. 5D).

Figure 5. Expression levels of implantation markers
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Gene expression was measured by RT-qPCR. Normalized to 36B4. (A) hCG β, (B)

GDF15, (C) SYN1 (Syncytin-1), (D) ITGB3 (Integrin beta 3). *p < 0.05 (JAR vs JEG-

3 vs BEWO). a: A significant difference between 24h. b: A significant difference 

between 48h. c: A significant difference between 72h.

Difference in attachment rate by the origin

The endometrial epithelial cell line, AN3CA (non-receptive) and Ishikawa 

(receptive) monolayer evaluated the attachment rate of spheroid for each cell 

line. After placing the spheroids on the endometrial epithelial cell monolayers, 

co-cultures were performed for 24 and 48 hours, resulting in different results 

depending on the characteristics of the monolayer.  

In the AN3CA monolayer, JAR spheroid showed reduced attachment rates of 

39.7% and 27.9%, respectively, at 24 h (n=63) and 48 h (n=68), but not 

significant. JEG-3 spheroid also showed reduced attachment rates to 54.6% and 

42.6% at 24 h (n=75) and 48 h (n=54), respectively. BEWO spheroid showed an 

increased attachment rate over time, 73% and 82.5% at 24 h (n=52) and 48 h 

(n=40), respectively, and a significantly increased attachment rate compared to 
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JAR spheroid (Fig. 5A-F)

In Ishikawa monolayer, JAR spheroid showed 100% and 98% attachment rates 

at 24 h (n=72) and 48 h (n=50), respectively, and JEG-3 spheroid showed 97.5% 

and 93.3% attachment rates at 24 h (n=80) and 48 h (n=60), respectively. BEWO

spheroid showed 100% and 98.3% attachment rates at 24 h (n=72) and 48 h

(n=60). During Ishikawa and co-culture, all the cells showed high adhesion rates, 

and there was no significant difference between each cell line (Fig. 5G-M).
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Figure 6. Attachment rates of spheroids

Attachment rate for each cell line. (A-F) Spheroid co-cultured with AN3CA

monolayer (non-receptive) for 24h (JAR spheroids n=63, JEG-3 spheroids n=75, 

BEWO spheroids n=52), 48h (JAR spheroids n=68, JEG-3 spheroids n=54, BEWO 

spheroids n=40). (G-M) Spheroid co-cultured with Ishikawa monolayer 

(receptive) for 24h (JAR spheroids n=72, JEG-3 spheroids n=80, BEWO spheroids 

n=72), 48h (JAR spheroids n=50, JEG-3 spheroids n=60, BEWO spheroids n=60). 

(M) JEG-3 spheroid co-cultured with Ishikawa for 48 h. (arrow) branched 

spheroid cell. (N) attachment rate in AN3CA monolayer (non-receptive). (O) 

attachment rate in Ishikawa monolayer (receptive). scale bars, 50 μm.

*Significant (p < 0.05).

Difference in invasion rate by the origin

At 48 h of coincubation with Ishikawa monolayer, the spheroid completely 

collapsed and migrated into the epithelial monolayer and invade (Fig. 7A). The 

proportion of invading spheroid among attached spheroid was measured after

co-culture for 48 h. JAR spheoid showed invasion rates of 1.4% (1 out of 72). 

JEG-3 spheroid showed invasion rates of 12.5% (7 out of 56). BEWO spheroid 

showed invasion rates of 6.8 (4 out of 59). There was a significant difference in 

invasion rates between JAR spheroid and JEG-3 spheroid (Fig. 7B).

The invasion area of the collapsed spheroids was calculated. It was confirmed 

that the invasion area increased after 48 hours of co-culture (panel A yellow 

line). As a result, the JEG-3 spheroids showed the widest invasion area, followed 

by the BEWO spheroids. The invasion area of JEG-3 and BEWO spheroid was 
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significantly different (Fig. 7C). 
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Figure 7. Invasion rates of spheroids

Invasion rate for each cell line. (A) Images after 48 hours of co-culture with 

Ishikawa for each cell line (JAR spheroids n=72, JEG-3 spheroids n=56, BEWO 

spheroids n=59). invasion areas are indicated by yellow lines. (B) invasion rate.

(C) invasion area. This was quantified using image J. scale bars, 50 μm. Spheroid 

co-cultured with *Significant (p < 0.05); **Significant (p < 0.01).
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3D culture models of human endometrium

A 3D culture system was established because there was a limit to research 

related to implantation with 2D culture. The diagram of 3D culture system 

construction, including the preparation of the matrix-stromal cells mixture and 

seeding of epithelial cells, and spheroids (Fig. 8A). After fluorescence labeling 

the stromal cell and epithelial cell, they were analyzed using a confocal 

microscope. the 3D culture system was confirmed by fluorescence microscopy

(Fig. 8B). As a result, the stromal cell and epithelial cell compartments were well 

divided.
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Figure 8. 3D culture models of human endometrium.

(A) Schematic diagram of the culture system. It is a structure in which stroma 

cells are encapsulated in the hydrogel in the insert well, and epithelial cells are 

placed on it. (B) culture day 6. Stromal cells were labeled PKH26 (red) and 

epithelial cells were labeled PKH67 (green). 
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DISCUSSION

In this study, spheroids were confirmed to be suitable for in vitro study 

through spheroid characterization. The spheroid size increased in a time-

dependent manner, and the spheroids showed more than 90% viability. c and 

differentiated cells of the multinuclear structure were found at 72 h of culture

(Fig. 1-3). These results suggest that spheroids have cell proliferation and cell 

differentiation.

β hCG, syncytiotrophoblast marker, was detected at spheroid cultured for 24, 

48, and 72 h. The β hCG fluorescence intensity increased significantly after 24 

hours and was highest in the BEWO spheroid cultured for 72 h. The β hCG

relative fluorescence intensity for DAPI showed an increase, but the JAR and 

JEG-3 spheroid slightly decreased at 72 h, although not significant (Fig. 4). These 

results suggest that the spheroid of all cell lines contain syncytiotrophoblast

and differentiate into syncytiotrophoblast over time.

As a result of examining the mRNA level of the genes related to implantation, 

β hCG was highest in BEWO spheroid cultured for 72 h, and showed a pattern 

similar to that of immunofluorescence result (Fig. 5A). In addition, the JEG-3

spheroid also showed mRNA level similar to the pattern of relative β hCG

fluorescence intensity. However, the JAR spheroid cultured for 24h showed a 

higher mRNA level than other cell lines, which will require additional repetitive 

experiments. Syncytin-1 was expressed in all cell lines, and SYN1 is expressed 

in first-trimester trophoblast and expressed in choriocarcinoma cell lines (Muir 

et al., 2006). BEWO spheroid showed the highest mRNA level at 48 h and 
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maintained the high mRNA level at 72 h. JEG-3 spheroid and JAR spheroid 

showed the highest level at 24 h (Fig. 5C). JAR, JEG-3, and BEWO are all first-

trimester trophoblast cell lines, So the spheroids already contain cells 

differentiated into syncytiotrophoblast. Therefore, it is presumed that the levels 

of β hCG and syncytin-1 mRNA do not show similar patterns. All cell lines 

showed high syncytin-1 mRNA levels at 24 h, and cell fusion seems to be 

promoted by forming a spheroid. GDF15 is a gene associated with migration 

and invasion in trophoblastic cells. The highest mRNA level was shown in the 

JAR spheroid cultured for 24 h, and no pattern was shown in other cell lines

(Fig. 5B). Integrin beta3 (ITGB3) is an adhesion molecule and is known to be 

expressed in syncytiotrophoblast and choriocarcinoma cell lines (Natalie et al., 

2010). Consistent with this, it was expressed in all cell lines and showed the 

highest mRNA level at the 24 h spheroid of all cell lines. At 48 and 72 h, ITGB3 

mRNA levels of JAR and JEG-3 spheroid decreased, but BEWO spheroid 

maintained a high level (Fig. 5D). These results suggest that spheroids express 

genes related to implantation and have the ability to differentiate, attach and 

invade.

The characteristics of the spheroids were identified in the 2D co-culture 

system (Fig. 6). When co-cultured with AN3CA for 24 h and 48 h, the 

morphology of the spheroid remained unchanged, whereas when co-cultured

with Ishikawa, epithelial cells around the spheroids were pushed out. In addition, 

the spheroids were expanded, and spheroid cells were spread out in the form 

of branches. This shows that the spheroids have stronger adhesion to monolayer 

than when co-cultured with AN3CA when co-cultured with Ishikawa. When co-

cultured with Ishikawa showed an attachment rate close to 100%, but when co-

cultured with AN3CA, it showed a low attachment rate. BEWO spheroid showed 
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a higher attachment rate when co-cultured with AN3CA than other cell line 

spheroid, which may be related to the high ITGB3 mRNA levels. This result 

suggests that spheroids can respond appropriately according to the 

characteristics of epithelial cells. At co-culture with Ishikawa for 48h, completely 

collapsed spheroids were found (fig. 7A). Both the invasion rate and area were 

the highest among JEG-3 spheroids. To explain these results, it is necessary to 

compare the expression levels of EVT markers or other invasion markers. 

A 3D endometrium model was constructed, and an epithelial cell was attached 

to a modified PEG hydrogel using an RGD domain. This model can provide an 

environment similar to the invasion process by using ECM that can be 

degradable by MMPs. This model also may be useful for unmasking the 

mechanisms of human implantation. In future experiments, this will be used to 

observe the attachment and invasion of spheroids and to investigate the 

differences from the 2D culture system. In addition, the stability of the model 

should be analyzed by confirming whether an appropriate hormonal response 

is shown through decidualization induction.
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논문개요

초기 배아 발달 동안, 착상은 포유동물의 출산률에 대한 중요한 부분입니다. 

게다가, 높은 착상 실패율은 인공 생식 분야에서 여전히 주요 문제로 남아 있습니다. 

그러나, 착상 실패의 메커니즘은 아직 잘 이해되지 않고 있습니다. 착상은 섬세한

배반포 조정과 배반포와 자궁내막의 대화 과정을 포함하는 복잡한 과정입니다. 

인간의 착상 과정은 마우스 및 랫과 다르며, 동물 연구 결과를 인간에 적용하는 것을

제한합니다. 반면, 인간의 착상에 대한 in vivo 연구는 윤리적 문제에 의해 제약을

받습니다. 따라서, 착상 연구를 위해서는 인간과 유사한 in vitro 모델을 구축할 필요가

있습니다. 여기서, PEG 하이드로겔 및 상피 세포주 Ishikawa(수용성 자궁내막), 

AN3CA(비수용성 자궁내막) 및 인간 기질 세포주 T-HESC 를 사용하여 자궁내막을

모방하였고, 배반포의 경우 융모막종 세포주(예: JAR JEG-3 및 BeWo)를

사용하였습니다. 스페로이드의 크기는 배양 시간이 증가함에 따라 증가하였고, 세포

생존율은 90% 이상이었습니다. 스페로이드의 내부 구조는 세포로 가득 차 있었고, 

72 시간 동안 배양된 스페로이드에서 분화된 다핵 세포 구조가 발견되었습니다. 또한, 

상이한 특성의 상피 세포 단분자층에 대한 반응으로 상이한 부착 및 침윤율을

보였습니다. 이를 통해, 스페로이드는 성장하고 분화할 수 있으며, 상피 세포에 대한

적절한 반응성을 가질 수 있음을 알 수 있었다. 이를 바탕으로, 3D 배양 모델이

구축되었습니다. 종합하면, 이러한 구성된 모델은 모-배아 미세 환경을 모방하고 인간

착상에서 다양한 병태생리학적 문제를 해결하는 데 유용할 수 있음을 시사합니다.
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덕분입니다. 2 년 동안 발생학 연구실에서 함께했던 동료들에게 감사 인사를 전합니다.

방장 보영아 항상 부족한 언니 챙겨주느라 고생 많았고, 너무 고맙다. 무사히 졸업할 수

있는 것에 너의 역할도 크다고 생각해. 정반대처럼 느껴지다가도 잘 맞는 점도 많아서

종종 힘들었던 시기에 웃으며 이겨낼 수 있었어. 가끔은 어른스러운 모습에 배울 점도

많았어. 함께 졸업하진 못했어도 너는 큰 결과와 함께 무사히 마칠 것이라 믿어 의심치

않는다. 네가 하는 모든 일을 응원할게.

좋은 동생이자 동기인 정빈아 잔잔한 것 같지만 가끔은 별난 너의 모습에 얼마나 많이

웃었는지 모르겠다. 네가 없었으면 어떻게 졸업을 했을까 싶을 정도로 고마운 게 참 많다. 

너로 인해 재밌는 시간을 보낼 수 있었어. 가끔은 안 풀리는 일들도 많겠지만 너라면 잘

해낼 수 있을 거라고 믿어.

학부 동기이자 소중한 친구인 인하야 너에게 고마운 게 너무 많다. 옆에서 많은 격려와

멘탈을 잡아주고, 항상 긍정적이고 어른스러운 너의 모습이 참 멋있다고 생각했어. 너의

따듯한 마음 덕분에 얼마나 위로받았는지 모르겠다. 박사 생활뿐만 아니라 너의 앞길이

항상 빛나길 바랄게.

후배 지수와 예림, 언니들을 잘 따라주고, 장난도 유쾌하게 받아주어 고맙고 졸업준비

문제없이 잘 해내길 바란다. 힘든 일이 있을 때 도와줄 수 있는 언니가 되도록 노력할게. 

그리고 오랜 학부 생활이 쉽지 않았을 텐데 열심히 해주었던 주희와 희지에게 고맙고, 곧

시작되는 대학원 생활에 행운이 깃들길 바란다.

너희와 함께 할 수 있었던 것은 큰 행운인 것 같아. 사말싶!
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마지막으로 항상 사랑과 응원을 아끼지 않고 딸내미를 지지해 준 아버지와 어머니에게

감사드립니다. 아프고 힘든 시간이 길었지만 앞으로는 부모님의 앞길에 행복이 가득하면

좋겠습니다. 평소에 무뚝뚝한 딸이지만 마음속으로는 많이 사랑하고 있습니다. 더

자랑스러운 딸이 되도록 노력할게요.

그 밖에도 말씀드리지 못한 모든 분들께 감사하며, 부족한 글 솜씨지만 모두에게 마음이

전해졌길 바랍니다.

2023 년 12 월

김지선
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