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Abstract. O‑linked β‑N‑acetylglucosamine (O‑GlcNAc) 
modification is a dynamic post‑translational modification 
process that is involved in many crucial biological processes, 
including cell cycle regulation, nutrient metabolism and extra-
cellular signaling. This dynamic modification is dependent 
on the ambient glucose concentration and is catalyzed and 
removed by O‑GlcNAc transferase (OGT) and O‑GlcNAcase 
(OGA), respectively. The present study aimed to determine 
the role of O‑GlcNAcylation during embryo implantation by 
inhibiting or enhancing its function and expression. The results 
revealed that the expression of O‑GlcNAc‑modified proteins in 
the human secretory endometrium was higher than that of the 
endometrium during the proliferative phase, as determined via 
western blotting and immunohistochemistry. Additionally, the 
level of endometrial O‑GlcNAc modification increased gradu-
ally from the pre‑receptive to the receptive phase, which was 
then decreased during the non‑receptive phase. In endometrial 
cells, RNA interference was utilized to reduce the expression 
of two key O‑GlcNAc synthesis and decomposition enzymes, 
OGT and OGA, to indirectly increase or decrease levels of 
O‑GlcNAc modification. The results revealed that increasing 
the level of O‑GlcNAc modification enhanced cellular prolif-
eration, migration, invasion and adhesion, thereby promoting 
embryo implantation. It is hypothesized that O‑GlcNAc 
modification serves an important role in the regulation of 
endometrial receptivity and embryo implantation. The results 
of the present study may have important implications for 

the understanding of female fertility and may help improve 
infertility treatments.

Introduction

O‑GlcNAcylation is a reversible post‑translational modi-
fication whereby a single N‑acetylglucosamine (GlcNAc) 
molecule is added to the hydroxyl group of Ser/Thr 
protein residues. This reaction is catalyzed by the enzyme, 
O‑linked‑N‑acetylglucosamine transferase (OGT) and the 
protein sugar moiety is removed using O‑GlcNAcase enzymes 
(OGA, NCOAT or MGEA5) (1,2).

Endometrial receptivity refers to a limited period of time 
during which the endometrium is conducive to blastocyst 
growth, attachment and the subsequent events of implanta-
tion (3,4). The sensitivity of the endometrium to the embryo 
is classified as the pre‑receptive, receptive and non‑receptive 
phases (5). During the pre‑receptive phase, the uterus cannot 
initiate embryo implantation. However the uterine environment 
does not pose a specific threat to the survival of the embryo. 
During the non‑receptive phase, the uterine environment is not 
conducive to the survival of the embryo.

The female menstrual cycle lasts for an average of 
28‑30 days and is divided into the proliferative (follicular) 
and secretory (luteal) phases. The uterus then becomes 
receptive to blastocyst attachment in the mid‑luteal phase 
for 4  days (7‑10  days after ovulation)  (6). Normal cycle 
duration is a key determinant of whether an embryo can 
be implanted smoothly. Embryo implantation is the main 
rate‑limiting step in pregnancy and endometrial receptivity 
is closely associated with embryo implantation. Endometrial 
receptivity can also affect implantation and clinical preg-
nancy rates. The establishment of endometrial receptivity is 
therefore important to ensure the successful development of 
the fetus and placenta.

Previous studies have focused on the role of protein 
glycosylation modification in implantation‑associated events, 
including embryonic development and maternal‑fetal interface 
recognition. The results revealed that LeY glycan, fucosyl-
transferase and β1,4‑galactosyltransferase regulate embryo 
implantation, indicating that glycosylation modification exerts 
an important effect on implantation (7,8).
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At present, our understanding of O‑linked β‑N‑​acetylglu-
cosamine (O‑GlcNAc) modifications is mainly in the context of 
tumor occurrence and metastasis (9), yet the behavior of invasive 
cancer cells is similar to that of invasive placental cells (10). 
Protein glycosylation serves an important role in embryonic 
development, but the role of O‑GlcNAcylation in the regulation 
of implantation is yet to be fully elucidated. The present study 
utilized RL95‑2 and HEC‑1A endometrial carcinoma cell lines 
to simulate high‑receptive and low‑receptive endometrial states, 
respectively. A chorionic tumor cell line, JAR, was used to simu-
late invasive embryos (11). Using this model, the present study 
aimed to determine the role of O‑GlcNAcylation during the 
process of embryo implantation. The results of the present study 
may therefore have important significance for the improvement 
and treatment of female fertility. The results may also provide 
a theoretical basis for the development of clinical reproductive 
regulation, pregnancy aid and anti‑implantation technology.

Materials and methods

Patients and samples. Endometrial tissue (n=36; median 
age, 35 years; age range, 25‑45 years; 18 cases in each of the 
proliferative and secretory stages) were obtained from The 
First Affiliated Hospital of Dalian Medical University under 
the Human Research Agreement approved by the Ethics 
Committee of Dalian Medical University. Written informed 
consent was acquired from each patient prior to tissue collec-
tion. Endometrial specimens were collected, embedded in 
paraffin wax and screened via histopathology.

The patients included in the present study were diagnosed 
with gynecological benign uterine leiomyoma and were 
undergoing hysterectomy. They exhibited normal fertility 
and a regular menstrual cycle. All patients had not received 
any hormonal drugs for a minimum of 3 months. Patients 
with diabetes, hyperthyroidism, hypothyroidism, ovarian 
neoplasms and other complications were excluded.

Cell lines and cell culture. RL95‑2 and HEC‑1A endometrial 
carcinoma cell lines and the chorionic tumor cell line, JAR, 
were purchased from the American Type Culture Collection 
(ATCC). The JAR cell line was established from a trophoblastic 
tumor of the placenta, but the cell line was derived from a male 
fetus and as such should not affect the results of the present 
study. RL95‑2 cells were cultured in DMEM/F12 media (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 0.1% insulin, 
10% fetal bovine serum (FBS) (ScienCell Research Laboratories, 
Inc.) and 1%  penicillin/streptomycin (Invitrogen; Thermo 
Fisher Scientific, Inc.). JAR cells were cultured in DMEM/F12 
media (Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% FBS and 1% penicillin/streptomycin (Invitrogen; 
Thermo Fisher Scientific, Inc.). HEC‑1A cells were maintained 
in McCoy's 5A media (Gibco; Thermo Fisher Scientific, Inc.), 
supplemented with 10% FBS and 1% penicillin/streptomycin 
(Invitrogen; Thermo Fisher Scientific, Inc.). All cell lines were 
maintained at 37˚C in a humidified atmosphere containing 
5% CO2. Growth media were changed every 2‑3 days.

RNA interference. Small interfering RNA (siRNA) duplexes 
targeting the OGT and OGA genes, as well as an siRNA nega-
tive control, were synthesized by GenePharma Co., Ltd. The 

following siRNA sequences were utilized: OGT sense, 5'‑GCA​
GUA​ACA​CAG​CUC​UUA​ATT‑3' and antisense, 5'‑UUA​
AGA​GCU​GUG​UUA​CUG​CTT‑3'; OGA sense, 5'‑GGG​AUA​
UCA​AGA​GUA​UAA​UTT‑3' and antisense, 5'‑AUU​AUA​CUC​
UUG​AUA​UCC​CTT‑3'; negative control sense, 5'‑UUC​UCC​
GAA​CGU​GUC​ACG​UTT‑3' and antisense, 5'‑ACG​UGA​CAC​
GUU​CGG​AGA​ATT‑3'. siRNA transfection was performed 
in HEC‑1A and RL95‑2 cells. Cells were transfected with 
100  pmol siRNA using Lipofectamine  2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) in accordance with the manu-
facturer's protocol.

Immunohistochemistry. Human endometrial tissues were 
sectioned (4 µm) and dried at 56˚C for 60 min. After the 
de‑paraffinization and re‑hydration of tissue sections, antigen 
retrieval was performed at 100˚C for 20 min in citrate buffer. 
Samples were then treated with 3% peroxide for 15 min at room 
temperature in the dark to quench endogenous peroxidase 
activity. Sections were washed in PBS and blocked for 15 min 
with 5% goat serum at 37˚C to prevent non‑specific binding. 
Following incubation with an O‑GlcNAc primary antibody 
(Abcam; cat. no. ab2739; dilution 1:50) overnight at 4˚C, the 
sections were washed several times. Biotinylated secondary 
antibodies (OriGene Technologies, Inc.; cat.  no.  sp9000; 
dilution 1:1) were then added to the tissue sections and incu-
bated at 37˚C for 30 min. After washing, the sections were 
incubated with streptavidin‑horseradish peroxidase (OriGene 
Technologies, Inc.) at 37˚C for 30 min. Sections were then 
allowed to react with diaminobenzidine (DAB)‑peroxidase 
substrate (OriGene Technologies, Inc.), counterstained with 
hematoxylin for 30 sec, dehydrated and mounted in distrene 
dibutylypthalate xylene. Photomicrographs were captured 
using an Olympus TH4‑200 microscope (magnifications, x10 
and x40). The collected images were analyzed and processed 
using an Image‑Pro Plus 6.0 (Media Cybernetics) image anal-
ysis system. The mean optical density of positively stained 
areas of endometrial stromal cells, glandular epithelial cells 
and luminal epithelial cells was measured. PBS replaced the 
primary antibody for negative controls.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was isolated from cells using TRIzol reagent (Takara 
Biotechnology Co., Ltd.), according to the manufacturer's 
protocol. RNA samples were quantified via spectrophotometry 
at 260 and 280 nm, and exhibited a 260/280 nm ratio ranging 
from 1.8‑2.0, which indicated a high quality of extracted 
RNA. RNA (1.0 µg) was subsequently reverse transcribed 
into cDNA using the All‑in‑One First‑Strand cDNA Synthesis 
SuperMix for qPCR (One‑Step gDNA Removal; Beijing 
TransGen Biotech Co., Ltd.) following the manufacturer's 
protocol. qPCR analysis was performed in a 10 µl reaction 
system containing: 5 µl 2X SYBR Premix Ex Taq (Beijing 
TransGen Biotech Co., Ltd.; AT341), 0.2 µl of each forward 
and reverse primer (10 µM), 0.2 µl ROX Reference Dye I (50X) 
(Beijing TransGen Biotech Co., Ltd.), 3.4  µl ddH2O and 
1.0 µl cDNA. The Applied Biosystems ABI Step One Plus 
real‑time PCR system (Thermo Fisher Scientific, Inc.) was 
utilized. Relative gene expression was determined using the 
2‑ΔΔCq method (12,13) with GAPDH as the reference gene. All 
RT‑qPCR reactions were performed in triplicate using the 
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following primer sequences designed with oligo7: GAPDH 
(XM_001256799.2) forward, 5'‑GTG​AAG​GTC​GGA​GTC​
AAC​G‑3' and reverse 5'‑TGA​GGT​CAA​TGA​AGG​GGT​C‑3'; 
OGT (XM_017029908.1) forward, 5'‑CGG​GAA​TCA​CCC​
TAC​TTC​ACA​CC‑3' and reverse, 5'‑CCG​CCA​TCA​CCT​TCA​
CTC​GAA​A‑3'; OGA (XM_017015586.1) forward, 5'‑TCC​
CCA​GAG​ATG​TCC​ATG​CAA​G‑3' and reverse, 5'‑TCC​TTT​
GGG​TCC​ATG​CTC​GTA‑3'.

Western blot analysis. Proteins from endometrial tissues 
or cells were extracted using lysis buffer (Nanjing KeyGen 
Biotech Co., Ltd.) in accordance with the manufacturer's 
protocol. The concentration of protein extracts was determined 
using a BCA Protein Quantitative kit (TransGen Biotech Co., 
Ltd.). Protein (40 µg) was denatured in 6X Protein Loading 
Buffer for 7 min at 100˚C. Proteins were then separated via 
8% SDS‑PAGE and transferred to nitrocellulose membranes 
(EMD Millipore) for 90 min at 4˚C. Membranes were blocked 
with 5% non‑fat dried milk in Tris‑buffered saline (10 mmol/l 
Tris, pH 7.5 and 0.14 mol/l NaCl) with 0.1% Tween‑20 (TBST) 
for 2 h at room temperature, followed by incubation with the 
following primary antibodies overnight at 4˚C: Anti‑O‑GlcNAc 
(Abcam; cat.  no.  ab2739; dilution 1:1,000), anti‑OGT 
(ProteinTech Group, Inc.; cat. no. 11576‑2‑AP; dilution 1:1,000), 
anti‑OGA (ProteinTech Group, Inc.; cat.  no.  14711‑1‑AP; 
dilution 1:1,000), anti‑cyclin D1 (ProteinTech Group, Inc.; 
cat. no. 60186‑1‑Ig; dilution 1:2,000), anti‑B‑cell lymphoma‑xL 
(Bcl‑xl; CLOUD‑CLONE Corp.; cat.  no.  PAE582Hu01; 
dilution 1:700), anti‑matrix metalloproteinase‑9 (MMP9; 
Abcam; cat. no. ab38898, dilution 1:1,000), MMP2 (Bioworld 
Technology, Inc.; cat. no. bs1236; dilution 1:700), anti‑Snail 
(ProteinTech Group, Inc.; cat. no. 26183‑1‑AP; dilution 1:900), 
anti‑E‑cadherin (ProteinTech Group, Inc.; cat. no. 20874‑1‑AP, 
dilution 1:700) and anti‑β‑actin (ProteinTech Group, Inc.; 
cat. no. 20536‑1‑AP; dilution 1:2,000). After being washed 
three times with TBST, the membranes were probed with 
horseradish‑peroxidase‑conjugated anti‑mouse or anti‑rabbit 
IgG secondary antibodies (ProteinTech Group, Inc.; 
cat. nos. SA00001‑1 and SA00001‑2; dilution 1:3,000) at room 
temperature for 1 h and subsequently washed further with TBST. 
Immunoreactive bands were visualized using an enhanced 
chemiluminescence detection system, according to the manu-
facturer's protocol. The entire experiment was repeated three 
times. Image Lab software (Bio‑Rad Laboratories, Inc. Ver: 4.0 
49710) was used for the detection and analysis of protein bands. 
Protein expression was quantified via densitometric analysis 
and expression was normalized to that of β‑actin.

Cell adhesion assay. RL95‑2 and HEC‑1A cells (5x106) were 
transfected in 6‑well plates for 12 h. Together with the cells 
of the untreated group, the transfected cells were digested 
with trypsin and cultured in a 24‑well plate for 12 h to ensure 
that cells covered the entire surface area. CellTraceCFSE 
(Invitrogen; Thermo Fisher Scientific, Inc.; cat. no. C34554; 
5 µg) was dissolved in 10 µl of DMSO and diluted with media 
at a ratio of 1:2,000. JAR cells were pretreated with diluted 
carboxyfluorescein succinimidyl ester for 30 min. The JAR 
cell suspension was subsequently added to 24‑well plates at 
a 1:1 ratio and incubated for 1 h at 37˚C in 5% CO2 and a 
90% humidity. Fluorescent tags were added and a fluorescence 

microscope was used for imaging (x10) and cell counting. The 
number of fluorescently labeled cells was counted from five 
randomly selected fields under a fluorescence microscope and 
the results of at least three independent experiments.

Cell counting kit‑8 (CCK‑8) assay. HEC‑1A or RL95‑2 cells 
from control and siRNA groups were trypsinized and seeded 
into 96‑well culture plates at a density of 5,000 cells/well 
using the prescribed media supplemented with 10%  FBS. 
Each group was provided with three multiple holes. The 
proliferation assay was performed using a CCK‑8 kit (Dojindo 
Molecular Technologies, Inc.) in accordance with the manu-
facturer's protocol. Following culture for 24, 48 and 72 h, 10 µl 
of CCK‑8 solution was added to each well and incubated for 
2 h at 37˚C. Optical density (OD) values of absorbance for 
each well were measured at 450 nm using Fluoroskan Ascent 
FL (Thermo Fisher Scientific, Inc.). Representative results 
from three independent experiments were expressed as the 
mean ± SEM for each condition.

Wound healing assay. After pretreatment (O‑GlcNAc knock-
down or overexpression), HEC‑1A or RL95‑2 cells (5x106) 
were seeded in 6‑well plates for 24 h. The resulting cell mono-
layer was then wounded by removing a 500‑ to 700‑µm wide 
strip with a standard 200‑µl pipette tip, after which samples 
were washed twice with PBS to remove floating cells. An 
optical Olympus IX71 microscope (Olympus Corp.; magni-
fication, x10) was used to image specific sites on the first day 
post‑wound. Cells were cultured in media supplemented with 
10% FBS in 5% CO2 at 37˚C for a further 24 or 48 h and imaged 
at 2 or 3 days, respectively. Wound healing was quantified by 
measuring the migratory distance of cells.

Transwell invasion assay. The invasion of cells was assessed 
using a 24‑well Transwell Permeable Support with 8‑µm pores 
(Corning, Inc.) according to the manufacturer's protocol. The 
inner compartments of the Transwell inserts were pre‑coated 
with 50 µl of 1 mg/ml Matrigel matrix (BD Biosciences) at 
37˚C for 1 h to solidify samples. RL95‑2 and HEC‑1A cells 
(1x105 cells/ml) in serum‑free media were seeded into the 
upper chamber of the Matrigel‑coated filter. Media containing 
10%  FBS (500  µl) was subsequently added to the lower 
chamber as a chemoattractant. After incubation for 24 h at 37˚C 
in 5% CO2, non‑invading cells were removed from the upper 
surface of the filter membrane. Invading cells that remained 
on the bottom surface of the filter membrane were fixed in 
methanol and stained with crystal violet for 15 min at room 
temperature. The number of invaded cells on each membrane 
was counted from five randomly selected fields under a light 
microscope (Olympus Corp., magnification, x20).

Statistical analyses. All data of the present study are the 
results of at least three independent experiments. Data are 
normally presented as the mean ± SEM. A Student's t‑test 
was used to compare the statistical significance between two 
groups. SPSS version 16.0 for Windows (SPSS, Inc., Chicago, 
IL, USA) was used for statistical analyses. P<0.05 was 
considered to indicate a statistically significant difference. 
P‑values were indicated in the figures and legends as follows: 
***P<0.001, **P<0.01 and *P<0.05.
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Results

Expression of O‑GlcNAc in the implantation‑phase endome‑
trium is higher than that of the non‑implanted endometrium. 
The present study detected the expression of O‑GlcNAcylation 
via immunohistochemistry in female endometrial tissue 
of the proliferative and secretory phase. As presented in 
Fig. 1, the results revealed that compared with the control 
(Fig. 1A‑c and ‑f), levels of O‑GlcNAc protein modification in 
the human secretory endometrium was higher than that of the 
endometrium in the proliferative phase, which was particularly 
low (Fig. 1A‑a, ‑b, ‑d and ‑e). Additionally, O‑GlcNAc‑modified 

proteins were minimally expressed in the endometrium 
during the proliferative phase (Fig. 1A‑a and ‑b). However, 
during the secretory phase, the expression of O‑GlcNAc 
was significantly increased (Fig. 1A‑d and ‑e, D and E). In 
humans, O‑GlcNAc‑modified proteins are mainly expressed 
in glandular epithelia and luminal epithelia (Fig. 1A‑b and ‑e). 
Image analysis revealed that the mean optical density (OD) of 
O‑GlcNAc in the secretory phase was significantly different 
compared with that of the proliferative phase (P<0.05; Fig. 1B; 
Table I). Furthermore, the level of OGT mRNA in the secre-
tory endometrium was significantly higher than that in the 
proliferative phase endometrium (Fig. 1C).

Figure 1. Expression of O‑GlcNAc‑modified proteins in human endometrial tissue. (A) (a and b) Micrographs of immunostaining for O‑GlcNAc in endometrial 
tissue during the proliferative phase and in (d and e) endometrial tissues during the secretory phase (magnification, x10 and x40). (c and f) Negative control 
(magnification, x40) incubated with PBS. (B) The mean optical density of areas with positive immunostaining from endometrial tissue. (C) Analysis of OGT 
levels in the human endometrium as determined via reverse transcription‑quantitative PCR. (D) O‑GlcNAcylation levels in human endometrial tissue as 
measured via western blotting at various phases of the menstrual cycle. Actin was used as a loading control. (E) Densitometry of O‑GlcNAcylation protein 
levels normalized to actin. Data are presented as the mean ± standard deviation of at least three independent experiments. ***P<0.001. O‑GlcNAc, O‑linked 
β‑N‑acetylglucosamine; OGT, O‑GlcNAc transferase.
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Effect of O‑GlcNAcylation on endometrial cell adhesion. 
The expression of OGT and OGA genes were detected via 
RT‑qPCR in high receptive RL95‑2 endometrial cells and low 
receptive HEC‑1A endometrial cells. The results revealed that 
the expression of OGT in the RL95‑2 cells was significantly 
higher than that in the HEC‑1A cells (Fig. 2A). Conversely, the 
expression of OGA in the RL95‑2 cells was significantly lower 
than that in the HEC‑1A cells (Fig. 2D). In RL95‑2 cells with 
a high OGT expression, an OGT siRNA was transfected to 
reduce the levels of O‑GlcNAcylation, which was subsequently 
detected via RT‑qPCR and western blotting. The results 
demonstrated that the level of OGT mRNA (Fig. 2B), OGT 
protein (Fig. 2C) and O‑GlcNAcylation (Fig. 2C) were signifi-
cantly decreased 48 h after transfection. However, following 
treatment with OGA siRNA in HEC‑1A cells, the increased 
expression of OGA mRNA (Fig. 2E), OGA protein (Fig. 2F) 
and O‑GlcNAc‑modified proteins (Fig. 2F) was attenuated.

The effect of O‑GlcNAcylation on the adhesion of endo-
metrial cells to embryonic cells was studied by performing 
an adhesion assay. The results revealed that the adhesion of 
JAR cells to RL95‑2 cells was stronger than that of HEC‑1A 
cells (Fig. 2G‑a and ‑d). Furthermore, the adhesion of JAR 
cells to RL‑952 cells was significantly decreased following 
OGT siRNA transfection (Fig. 2G‑b and ‑c). In addition, in 
HEC‑1A cells, the adhesion of JAR cells to HEC‑1A cells 
was significantly increased following transfection with OGA 
siRNA (Fig. 2G‑e and ‑f).

Effect of O‑GlcNAcylation on the proliferation of endometrial 
cells. To assess the role of O‑GlcNAcylation in endometrial 
cells, OGA expression in HEC‑1A cells and OGT expression 
in RL95‑2 cells were experimentally reduced. The prolifera-
tion of cells was detected by performing a CCK‑8 assay. The 
results revealed that compared with the si‑negative control 

Figure 2. Influence of O‑GlcNAcylation on the adhesion of JAR cells. (A) The expression of OGT in the RL95‑2 cells and the HEC‑1A cells via RT‑qPCR. 
(B) RT‑qPCR analysis of OGT mRNA expression 48 h after transfection of si‑OGT. (C) Western blotting revealed reduced protein expression of OGT and 
increased O‑GlcNAcylation in RL95‑2 cells that were treated with si‑OGT. (D) The expression of OGA in the RL95‑2 cells and the HEC‑1A cells via RT‑qPCR. 
(E) RT‑qPCR analysis detecting OGA mRNA expression 48 h after transfection of si‑OGA. (F) Western blotting results revealed reduced protein expres-
sions of OGA and decreased O‑GlcNAcylation in HEC‑1A cells that were treated with si‑OGA. (G) The adhesion of JAR cells to RL95‑2 cells with control, 
si‑NC and si‑OGT (a‑c). The adhesion of JAR cells to HEC‑1A cells with control, si‑NC and si‑OGA (d‑f). O‑GlcNAc, O‑linked β‑N‑acetylglucosamine; 
OGA, O‑GlcNAcase; RT‑qPCR, reverse transcription‑quantitative PCR; siRNA, small interfering RNA; OGT, O‑GlcNAc transferase. **P<0.01, ***P<0.001.
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(NC) group, the OD value of the HEC‑1A si‑OGA group was 
significantly increased over time. However, the OD value of 
the si‑OGT group was significantly decreased over time in the 
RL95‑2 cells. These results indicated that O‑GlcNAcylation 
may enhance cellular proliferation (Fig. 3A and C). Western 
blotting was performed to assess the expression of the cellular 
proliferation‑associated proteins cyclin D1 and Bcl‑xL. After 
treatment with si‑OGA to overexpress O‑GlcNAc, levels of 
cyclin D1 and Bcl‑xL in HEC‑1A cells were significantly 
increased compared with the controls (P<0.01 and P<0.05; 

Figure 3. O‑GlcNAc expression influences the proliferation of endometrial cells. (A) Treatment of HEC‑1A cells with OGA‑specific siRNA promoted cell 
proliferation. (B and E) si‑OGA increased the expression of cyclin D1 and Bcl‑xL. (C) Treatment of RL95‑2 cells with OGT‑specific siRNA reduced cell 
proliferation. (D and E) si‑OGT decreased the expression of cyclin D1 and Bcl‑xL. Data are presented as the mean ± standard deviation of at least three 
independent experiments. *P<0.05 and **P<0.01. O‑GlcNAc, O‑linked β‑N‑acetylglucosamine; OGA, O‑GlcNAcase; siRNA, small interfering RNA; Bcl‑xL, 
B‑cell lymphoma‑xL; OGT, O‑GlcNAc transferase.

Table I. Mean optical density value of O‑GlcNAc in the 
endometrium of female tissue during different phases of the 
menstrual cycle.

Menstrual cycle phase	 Mean optical density

Proliferative phase	 0.1088±0.024
Secretory phase	 0.1837±0.017a

aP<0.001, significant difference.
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Fig. 3B and E). The opposite was observed in RL‑952 cells 
(P<0.05; Fig. 3D and E).

Effect of O‑GlcNAcylation on the migration and invasion 
of endometrial cells. The migration and invasion of cells was 
detected via wound healing and Transwell invasion assays, 
respectively. Among HEC‑1A cells, the OGA‑siRNA group 
demonstrated increased migration (Fig. 4A‑a and B) and invasion 
(Fig. 4C‑a) abilities when compared with the si‑NC group. Snail 

is the first member of the Snail family of proteins and it serves an 
important role in embryo implantation (14). During development, 
Snail, together with MMP family members, regulate a variety 
of extracellular matrix proteins by inhibiting the expression of 
E‑cadherin (15). A key protein involved in cell cycle regula-
tion is cyclin D1, which regulates the transition from G1 to S 
phase (16). Bcl‑xL is an important member of the Bcl‑2 family of 
proteins, that is an important anti‑apoptotic protein (17). Western 
blot analysis demonstrated that levels of Snail were increased 

Figure 4. O‑GlcNAc expression influences the migration and invasion of endometrial cells. (A‑a, B and C‑a) Treatment of HEC‑1A cells with OGA‑specific 
siRNA promoted cell migration and invasion. (D and E) si‑OGA increased the expression of MMP9, MMP2 and Snail, and decreased the expression of 
E‑cadherin. (A‑b, B and C‑b) Treatment of RL95‑2 cells with si‑OGT abolished cell migration and invasion. (D and E) si‑OGT decreased the expression 
of MMP9, MMP2 and Snail, and increased the expression of E‑cadherin. Data are presented as the mean ± standard deviations of at least three indepen-
dent experiments; *P<0.05, **P<0.01 and ***P<0.001. O‑GlcNAc, O‑linked β‑N‑acetylglucosamine; OGA, O‑GlcNAcase; siRNA, small interfering RNA; 
MMP, matrix metallopeptidase; OGT, O‑GlcNAc transferase.
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in the si‑OGA group and that E‑cadherin expression was nega-
tively correlated with Snail expression (P<0.05; Fig. 4D and E). 
MMP2 and MMP9 expression were also significantly increased 
in the si‑OGA group (P<0.05; Fig. 4D and E). Furthermore, 
the OGT‑siRNA group demonstrated reduced migration 
(Fig. 4A‑b and B) and invasion (Fig. 4C‑b) abilities of RL95‑2 
cells compared with the si‑NC group. The expression levels of 
Snail, E‑cadherin, MMP2 and MMP9 were opposite to those of 
the HEC‑1A cells (P<0.05; Fig. 4D and E). The results indicated 
that O‑GlcNAcylation may enhance cell migration and invasion 
by increasing the expression of related proteins.

Discussion

‘Classical’ protein glycosylation occurs only in cell membrane 
and secretory proteins. Glycosylation primarily consists of 
highly complex arrays of glycans, which can be divided into 
two types: N‑ and O‑glycans (18). The modification of proteins 
by O‑GlcNAc (O‑GlcNAcylation) occurs in a myriad of carbo-
hydrate post‑translational modifications. Unlike ‘traditional 
glycosylation’, O‑GlcNAc is generally not subject to further 
modifications that produce more complex glycans and is 
localized mainly within the cytoplasm or nucleoplasm (19).

Although the majority of glucose is metabolized via glyco-
lytic pathways, ~2‑5% of the total glucose entering the cell is 
channeled into the nutrient‑sensing hexosamine biosynthetic 
pathway (HBP) (20). In this pathway, the first and rate‑limiting 
enzyme, glutamine: Fructose‑6‑phosphate amidotransferase, 
irreversibly uses an amino group from glutamine to convert 
fructose‑6‑phosphate into glucosamine‑6‑phosphate and 
glutamate. Glucosamine‑6‑phosphate is further metabo-
lized to UDP‑GlcNAc, which serves as the monosaccharide 
donor for O‑GlcNAcylation  (20). The level of O‑GlcNAc 
modification in a protein is dependent on the concentration 
of the nucleotide sugar donor UDP‑GlcNAc, a high energy 
compound second only to ATP (21). A common feature of 
cancer cells is the ability to increase glucose intake via the 
HBP pathway and elevate substrate UDP‑GlcNAc levels, 
resulting in hyper‑O‑GlcNAcylation.

In recent years, there has been increasing evidence that 
O‑GlcNAcylation and its regulators (OGT and OGA) serve an 
important role in the regulation of metabolic reprogramming 
in tumors by changing key transcription factors, metabolic 
enzymes and major carcinogenic signaling pathways (22‑24). 
Two studies on breast and thyroid cancers revealed that the 
activity of OGA enzymes was increased in cancer tissue, 
although the expression levels of OGA protein were not 
determined  (9,25). In this study, western blotting results 
determined that the level of O‑GlcNAcylation was decreased 
in certain tumor tissues compared with the control group. 
However, previous studies have demonstrated increased levels 
of O‑GlcNAcylation in various cancer tissues. For example, 
compared with the corresponding para‑cancerous tissue, 
O‑GlcNAc modification was reported to be increased in breast, 
lung and colon cancer tissue sections (26,27). The expression 
of OGT and OGA also appeared to increase in lung and colon 
tissues. Similarly, in patients with chronic lymphoblastic 
leukemia, the level of O‑GlcNAc‑modified proteins increased 
alongside OGT and OGA protein levels, when compared with 
normal lymphocytes (28). Therefore, O‑GlcNAc modification 

may be a regulatory mechanism associated with metabolic 
changes and the pathogenesis of cancer.

Previous experimental results have revealed that O‑GlcNAc 
modification is crucial for embryonic development. Knockout 
of the OGT mouse gene exerts fatal effects on embryonic 
development (29). Jang et al (30) reported that octamer‑binding 
transcription factor 4 and sex determining region‑box 2 in 
embryonic stem cells are also glycosylated by O‑GlcNAc and 
the absence of O‑GlcNAcylation reduces the self‑renewal ability 
of stem cells and hinders the reprogramming of somatic cells.

The human endometrium undergoes a complex series of 
organized proliferative and secretory changes in each menstrual 
cycle, exhibiting only a short period of receptivity, known as 
the ‘window’ for embryo implantation. Embryo implantation 
is the main limiting step during pregnancy and endometrial 
receptivity is closely associated with embryo implantation. 
The establishment of endometrial receptivity is important to 
ensure for the development of the fetus and placenta. The rate 
of embryo implantation and clinical pregnancy can be affected 
by the degree of endometrium receptivity.

The process of malignant tumor invasion and metastasis 
may be considered similar to that of embryo implantation. It 
has been reported that the epithelial to mesenchymal transi-
tion (EMT) process, which is important for tumor cell 
invasion (31,32), is also necessary for embryo adhesion and 
invasion as it mediates the remodeling process of human 
endometrial cells (33). Therefore, the present study hypoth-
esized that O‑GlcNAcylation could also serve an important 
regulatory role in the establishment of endometrial receptivity 
and embryo implantation. To test this hypothesis, different 
clinical and hormonal tissue samples of human endometrium 
were collected. The tissue revealed a reduced expression of 
O‑GlcNAc‑modified proteins in the endometrium during the 
proliferative phase. However, O‑GlcNAc levels increased 
significantly during the secretory phase. In addition, the 
expression of O‑GlcNAcylation in glandular epithelia or 
luminal epithelia was higher than that of stromal cells.

The present study then utilized an in  vitro implanta-
tion model to clarify the role and molecular mechanism of 
O‑GlcNAc modification in endometrial receptivity. RNA 
interference was used to decrease or increase the expression of 
O‑GlcNAcylation. OGT‑siRNA was transfected into RL95‑2 
cells, and OGA‑siRNA was transfected into HEC‑1A cells. 
Cellular function assays were subsequently performed to detect 
the effects of O‑GlcNAcylation on the proliferation, invasion 
and migration of endometrial cells. CCK‑8 and wound healing 
assays were also performed to analyze cell proliferation and 
invasion and migration, respectively. Furthermore, the expres-
sion of EMT‑associated proteins in RL95‑2 and HEC‑1A cells 
was detected. The results revealed that increased levels of 
O‑GlcNAc modification promoted cell proliferation, migra-
tion and invasion, while also increasing the rate of cellular 
adhesion, thereby promoting embryo implantation and devel-
opment. This indicated that during the embryo implantation, 
O‑GlcNAc modification may promote the transformation of 
endometrial cell EMT and increase the migration of endome-
trial epithelial cells. The migration of epithelial cells causes 
the destruction and remodeling of the epithelial barrier at 
the implantation site, which changes the receptivity of the 
endometrium to promote embryo adhesion and implantation. 
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However, the mechanisms involved in these processes are yet 
to be fully elucidated and require further study.

Over the past decade, significant progress has been made in 
our understanding of the broad role of post‑translational modi-
fications in basic cellular processes, including phosphorylation, 
acetylation, methylation and ubiquitination (34,35). Although 
O‑GlcNAc modification was discovered 30 years ago, its 
biological functions, including the modification of protein 
structures and interactions, cellular signaling, gene regulation, 
and physiological and metabolic regulation, have only begun 
to be understood. There is a growing body of evidence which 
indicates that O‑GlcNAc serves as a nutritional sensor that 
links the metabolic state of a system with the regulation of 
cellular signal transduction, transcription and protein degrada-
tion (36). With respect to endometrial receptivity and embryo 
implantation, the precise role of O‑GlcNAc modification in 
these complex processes still requires further elucidation.
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