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Abstract. The incidence of endometrial cancer (EC) is rapidly 
increasing worldwide. The majority of endometrial cancers 
are diagnosed at an early stage and are associated with a 
good prognosis; however, patients with advanced‑stage EC 
have a poor prognosis and present with invasive metastasis. 
The mechanisms responsible for the invasion and metastasis 
of endometrial cancer remain unknown. Here, the present 
study aimed to examine the effects of O‑GlcNAcylation on 
the malignancy of EC and its association with Yes‑associated 
protein (YAP). It was found that the expression of O‑GlcNAc 
transferase (OGT) and O‑GlcNAcylation were increased 
in EC tissues; the decrease in O‑GlcNAcylation levels was 
found to lead to the decreased proliferation, migration and 
invasion of EC cells. Mass spectrometric analysis revealed 
that OGT knockdown reduced the O‑GlcNAcylation of 
YAP. Furthermore, it was found that the reduction in the 
O‑GlcNAcylation of YAP promoted its phosphorylation, 
which in turn inhibited the access of YAP to the nucleus and 
downstream target gene activation, demonstrating that the 
level of O‑GlcNAcylation affects the development of EC. On 
the whole, the findings of the present study indicate that YAP 
is a key molecule linking the O‑GlcNAcylation and Hippo 
pathways, which together regulate the progression of EC.

Introduction

Endometrial cancer (EC), a common, malignant tumor 
presenting in young individuals, has a high invasiveness and 
low differentiation, and has become a major threat to the 
health of women worldwide (1,2). Despite early diagnostic 
and therapeutic developments in recent years, patients with 
late‑stage EC still have a poor prognosis and exhibit aggressive 
metastases (3). Hence, in order to determine effective inter‑
vention strategies for EC, the exploration of the mechanisms 
underlying its occurrence and development is critical.

Metabolic disorders, such as diabetes, are a major risk 
factor for EC progression (4). Hyperglycemia leads to an 
increase in the activity of the hexosamine biosynthesis 
pathway to promote O‑GlcNAcylation, which is a neces‑
sary post‑translational modification (PTM) (5,6). The entire 
process is both reversible and dynamic, and is driven by 
O‑GlcNAc transferase (OGT) and inverted by O‑GlcNAcase 
(OGA) (7). O‑GlcNAcylation is involved in numerous key 
cellular behaviors, such as translation, metabolism and 
apoptosis, with the potential to alter protein function either 
indirectly or directly in concert with phosphorylation (8,9). 
The dysregulation of O‑GlcNAc metabolism has been linked 
to a variety of diseases, including diabetes, cancer and 
inflammation (10‑12). A wide variety of molecules, closely 
related to tumorigenesis and cancer development, are modi‑
fied by O‑GlcNAcylation, which affects their proliferative, 
invasive and metabolic properties (13‑15). Although aber‑
rant O‑GlcNAcylation is associated with EC cell invasion 
and metastasis (16,17), the mechanisms through which 
O‑GlcNAcylation influences the development and progres‑
sion of EC remain unclear.

The Hippo pathway is an evolutionarily conserved 
tumor suppressor pathway that regulates organ development 
and maintains internal environment homeostasis (18‑20). 
Yes‑associated protein (YAP) is a transcriptional co‑activator 
and a key component of the Hippo pathway (21). Activated 
macrophage stimulating 1/2 phosphorylates and activates 
its substrate, large tumor suppressor kinase 1/2 (LATS1/2), 
when the Hippo pathway is operating, which in turn directly 
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causes downstream YAP phosphorylation and inactivates 
it by promoting its cytoplasmic retention. The inhibition 
of the Hippo pathway causes YAP to enter the nucleus in a 
non‑phosphorylated state and bind to transcription factors, 
such as the TEA domain protein family, to promote cell 
proliferation and transformation (22,23). High glucose levels 
activate YAP signaling (24‑26), which is critical to the devel‑
opment of cancers, including EC (27‑29). Moreover, YAP is 
a target protein for O‑GlcNAc modification (30); however, 
to date, at least to the best of our knowledge, there are no 
relevant studies available on EC that depict this mechanism. 
The present study thus aimed to examine the effects of 
O‑GlcNAcylation on the malignancy of EC and its associa‑
tion with YAP.

Materials and methods

Cells and cell culture. The AN3CA (CL‑0505) and HEC‑1‑B 
(CL‑0100) cell lines, provided by Procell Life Science & 
Technology Co., Ltd., were cultured at 37˚C and 5% CO2 
in MEM supplemented with 10% fetal bovine serum (FBS, 
Gibco; Thermo Fisher Scientific, Inc.). OSMI‑1 (HY‑119738, 
MedChemExpress) and Thiamet‑G (TMG; HY‑12588, 
MedChemExpress) were dissolved in dimethyl sulfoxide 
(DMSO; PYG0040, Wuhan Boster Biological Technology, 
Ltd.).

Generation of stable cell lines. The AN3CA (50,000 cells/well) 
and HEC‑1‑B (50,000 cells/well) cells were cultured for 24 h in 
six‑well plates and the medium was discarded. Subsequently, 
940 µl medium, 40 µl infection enhancing solution (HitransG 
P, 25X) and 20 µl virus (1x108 TU/ml) were added to the 
six‑well plates followed by incubation at 37˚C for 12 h. After 
switching to normal medium and continuing incubation for 
48 h, the cells were cultured in medium containing puro‑
mycin (2 µg/ml, HY‑K1057, MedChemExpress) for 2 weeks 
to establish a stable cell line. The third generation was 
used. The MOI values of both cell lines were 10. Virus and 
infection enhancement solution were provided by Shanghai 
Genechem Co., Ltd. The sequences of the shRNAs used are 
presented in Table SI.

Western blot analysis. The cells were treated with RIPA 
lysis buffer (cat. no. AR0102, Wuhan Boster Biological 
Technology, Ltd.) containing phosphatase inhibitors (cat. 
no. AR1195, Wuhan Boster Biological Technology, Ltd.) 
and broad‑spectrum protease inhibitors (cat. no. AR1193, 
Wuhan Boster Biological Technology, Ltd.), and whole 
protein lysates were harvested. The protein concentration 
was determined using the BCA protein concentration assay 
kit (cat. no. P0012S, Beyotime Institute of Biotechnology). 
Equal amounts of 50 µg whole cell lysate were separated 
on 10% SDS‑PAGE gel and then electrophoretically 
transferred to PVDF membrane. After being blocked with 
10% skimmed milk in TBST at 27˚C for 1 h, the PVDF 
membranes were incubated overnight at 4˚C with primary 
and secondary antibodies, followed by ECL luminescence 
detection (cat. no. AR1196, Wuhan Boster Biological 
Technology, Ltd.). Analysis of the strips was performed 
using ImageJ software (V1.8.0.112, National Institutes of 

Health). The antibodies and dilutions used in the present 
study were as follows: Anti‑OGT (1:1,000; cat. no. ab96718, 
Abcam), anti‑O‑GlcNAcylation (1:1,000; cat. no. ab2739, 
Abcam), anti‑YAP (1:2,000; cat. no. 13584‑1‑AP, Proteintech 
Group, Inc.), anti‑phosphorylated (p‑)YAP (1:1,000; cat. 
no. 13008S, Cell Signaling Technology, Inc.), anti‑LATS1 
(1:1,000; cat. no. 3477S, Cell Signaling Technology, Inc.), 
anti‑LATS2 (1:1,000; cat. no. 20276‑1‑AP, Proteintech 
Group, Inc.), anti‑connective tissue growth factor (CTGF; 
1:2,000; cat. no. 25474‑1‑AP, Proteintech Group, Inc.), 
anti‑Histone‑H3 (1:2,000; cat. no. 17168‑1‑AP, Proteintech 
Group, Inc.), anti‑β‑actin (1:2,000; cat. no. BM0005, Wuhan 
Boster Biological Technology, Ltd.) and anti‑tubulin 
(1:1,000; cat. no. 2148, Cell Signaling Technology, Inc.).

Co‑immunoprecipitation. Cell lysates were obtained 
according to the kit instructions (AM001‑01, ACE 
Biotechnology LLC) and incubated with 20 µl of prepared 
protein A/G immunoprecipitated magnetic beads (IC‑8110, 
InCellGene LLC) for 12 h at 4˚C according to the instruc‑
tions of the manufacturer. Following magnetic separation, the 
target antibody was added to the antigen‑magnetic beads and 
incubated at 4˚C for 12 h. The antigen was then eluted and the 
eluted antigen was examined using western blot analysis. The 
antibodies used for immunoprecipitation were as follows: 
Anti‑OGT (1:200; cat. no. ab96718, Abcam), anti‑IgG (1:200; 
cat. no. IC‑8109, InCellGene LLC), anti‑O‑GlcNAcylation 
(1:200; cat. no. ab2739, Abcam), anti‑YAP (1:200; cat. 
no. 13584‑1‑AP, Proteintech Group, Inc.), anti‑LATS1 
(1:200; cat. no. 3477S, Cell Signaling Technology, Inc.) and 
anti‑LATS2 (1:200; cat. no. 20276‑1‑AP, Proteintech Group, 
Inc.).

Immunohistochemistry. Human endometrial cancer tissue 
microarray slides were purchased from Shanghai Xinchao 
Biotechnology (cat. no. HUteA060CS01). Ethics approval 
(no. KY20203047) was provided by the Medical Ethics 
Committee of the First Hospital Affiliated to the Air Force 
Medical University. The slides included 28 endometrial 
cancer specimens (age range, 36‑73 years) and 15 pairs of 
carcinomas and para‑cancerous tissue specimens (age range, 
36‑73 years). Dewaxing and rehydration were followed by 
antigen repair in citrate buffer at pH 6.0. The sections were 
closed with endogenous peroxidase blocking solution for 
10 min, followed by immersion in PBS solution for 5 min. 
Incubation with primary antibody was performed overnight 
at 4˚C after the sections are closed with goat serum (cat. 
no. AR0009, Wuhan Boster Biological Technology, Ltd.). 
The primary antibodies used were as follows: Anti‑OGT 
(1:100; cat. no. PB9767, Wuhan Boster Biological Technology, 
Ltd.) and anti‑O‑GlcNAc (1:50; cat. no. PTM‑952, Jingjie 
PTM BioLab (Hangzhou) Co. Ltd.). The sections were then 
incubated with secondary antibodies (1:1; cat. no. BA1056, 
Wuhan Boster Biological Technology, Ltd.) at 37˚C for 1 h 
following three washes with PBS. Dropwise additions of 
HRP‑streptavidin (cat. no. BA1088, Wuhan Boster Biological 
Technology, Ltd.) were added, followed by DAB color 
development. The tissue microarray was scanned using a 
microscope (Pannoramic MIDI, 3DHISTECH) and the histo‑
chemistry score (H‑SCORE) was calculated by analyzing 
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the histochemical results using Aperio ImageScope software 
(Version 12, Leica Biosystems).

Cell viability assays. The AN3CA and HEC‑1‑B cells were 
seeded in 96‑well plates (5,000 cells/well for AN3CA cells 
and 8,000 cells/well for HEC‑1‑B cells). Measurements were 
performed at pre‑determined time points. Cell Counting Kit‑8 
(CCK‑8; BB‑4202, Bestbio) solution was added to the 96‑well 
plates, and following incubation for 2 h with protection from 
light, spectrophotometric measurements were carried out at 
450 nm using an Infinite M200PRO multimode plate reader 
(Tecan Group, Ltd.).

The cells were seeded in a 96‑well plate and incubated 
at 37˚C for 24 h prior to the addition of 100 µl EdU (50 µM, 
cat. no. C10310, Guangzhou RiboBio Co., Ltd.). After 2 h, 
the 96‑well plate was washed with PBS, and the cells were 
fixed with 4% paraformaldehyde at 27˚C for 30 min, and 
glycine (2 mg/ml, AR1200, Boster Biological Technology, 
Ltd.) was then added to the cells and incubated at 27˚C 
for 5 min. After washing with PBS, cells were incubated 
at 27˚C for 10 min following the adding 0.5% TritonX‑100. 
Subsequently, Apollo staining and DNA staining were 
performed according to the instructions of the manufacturer 
(C0085, Beyotime Institute of Biotechnology). Finally, 
observation was performed using a fluorescence microscope 
(Nikon Eclipse Ni‑U).

Wound healing assay. The cells were inoculated in six‑well 
plates (1.5x106 cells/well), cultured for 12 h and then 
serum‑starved for 24 h. A 50 µl pipette tip was passed through 
the cell monolayer to create a ‘wound’. To control for the 
possible effects of proliferation, serum‑free medium was used 
for cell culture. Images of the wound area were obtained in a 
fixed location once a day using an inverted microscope (Nikon 
Eclipse Ti2; Nikon Corporation), and wound closure rates 
were calculated using ImageJ software (V1.8.0.112, National 
Institutes of Health).

Transwell assay. Transwell assays were employed to 
evaluate the invasive and migratory potential of the cells. 
For the detection of the cell invasive ability, 100,000 cells 
were added to the upper chamber of the Transwell (354480, 
Matrigel Biocoat Invasion Chambers, Corning, Inc.). For the 
detection of the migratory ability, 30,000 cells were added to 
the upper chamber (3422, Corning Transwell, Corning, Inc.). 
It is important to note that the lower chamber contained 10% 
FBS, while the upper chamber did not. The upper chamber 
was removed 48 h following incubation at 37˚C, and the 
Transwell membrane fixed with 4% paraformaldehyde 
at 27˚C for 30 min and stained with crystal violet (C0121, 
Beyotime Institute of Biotechnology) at 27˚C for 5 min. After 
dissolving the crystal purple dye in 33% acetic acid, the 
absorbance was measured at 570 nm using TECAN Infinite 
M200 Pro (Tecan Group, Ltd.).

Mass spectrometric analysis. The cells were treated with 
RIPA lysis buffer containing phosphatase inhibitors and 
broad‑spectrum protease inhibitors, and whole protein 
lysates were harvested. The extracted protein was added to 
dithiothreitol (10 mM, M109‑5G, Amresco, LLC). This was 

followed by incubation at 37˚C for 1 h and iodoacetamide was 
then added (40 mM, M216‑30G, Amresco, LLC) followed by 
incubation at 37˚C for 45 min. The samples were then diluted 
using ammonium bicarbonate (A6141, MilliporeSigma) to 
the pH of the sample of 8. Trypsin (V5280, Promega Biotech 
Co., Ltd.) was added at a 50:1 ratio of protein to trypsin over‑
night at 37˚C. The samples were passed through a desalting 
column and eluted with 70% acetonitrile. The enrichment 
of the glycosylated peptides was then performed by adding 
the samples to the activated hydrophilic interaction liquid 
chromatography enrichment column (Atlantis, Waters) and 
incubating at 27˚C for 2 h; the flow‑through solution was 
discarded. For one more elution, 0.5% formic acid was added 
to 5% acetonitrile +0.5% formic acid. The flow‑through 
solution was collected and lyophilized. The samples were 
analyzed using high‑performance liquid chromatography 
coupled with a Q Exactive HF mass spectrometer (Thermo 
Fisher Scientific, Inc.). The Homo sapiens SP database was 
searched using Byonic software (Protein Metrics Inc). The 
search parameters were set as follows: 15 ppm for precursor 
ion mass tolerance, 0.02 Da for fragment ion mass tolerance, 
2 for the maximum number of missed cleavages, and the 
Dynamic Modification was set to M Oxidation (15.995 Da) 
and Acetyl (Protein N‑terminal).

GeneCards. The GeneCards database (www.genecards.org) 
provides a comprehensive and authoritative summary of 
human gene annotation data (31). The GeneCards database 
was searched using ‘endometrial cancer’ to obtain genes 
associated with endometrial cancer.

RNA extraction and reverse transcription‑quantitative 
PCR (RT‑qPCR). The RNAsimple Total RNA kit (Tiangen 
Biotech Co., Ltd.) was used to isolate total RNA from the EC 
cells, and the PrimerScript RT Reagent kit (Takara Bio, Inc.) 
was used for reverse transcription. qPCR was performed 
using ChamQ Universal SYBR qPCR Master Mix (Vazyme 
Biotech Co., Ltd.) and the CFX Connect system (Bio‑Rad 
Laboratories, Inc.). The PCR thermocycling conditions 
were set according to the kit instructions (Vazyme Biotech 
Co., Ltd.). The 2‑ΔΔCq method (32) was used to calculate the 
relative transcript levels of target genes, and ACTIN was 
used as an internal reference. The genes examined were: 
ankyrin repeat domain 1 (ANKRD1), connective tissue 
growth factor (CTGF), cysteine‑rich angiogenic inducer 61 
(CYR61) and glucose transporter 3 (GLUT3). The primers 
used for RT‑qPCR in the present study are presented in 
Table SII.

Cycloheximide (CHX) chase experiments. The medium was 
changed to medium containing 50 µM CHX (HY‑12320, 
MedChemExpress) when the cell density in the culture dish 
reached 70%. The time of medium change was considered as 
the beginning of receiving CHX treatment, and different treat‑
ment times (0, 4, 8, 12, 16 and 24 h) were selected for protein 
extraction and western blot analysis.

Immunofluorescence staining. The cells were seeded in 
confocal Petri dishes one day in advance. At 37˚C, following 
fixation with 4% paraformaldehyde for 15 min, the cells were 
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washed with PBS and incubated with 0.5% Triton X‑100 for 
5 min. The cells were washed with PBS and blocked with 
5% goat serum at 37˚C for 30 min. The cells were incubated 
overnight at 4˚C with the primary antibody (YAP; 1:100; cat. 
no. 13584‑1‑AP, Proteintech Group, Inc.). PBST was used to 
wash the cells thrice, and the secondary antibody (1:200; cat. 
no. ab150075, Abcam) was then added followed by incuba‑
tion at 37˚C for 2 h. Nuclei were counterstained with DAPI 
(G1012, Wuhan Servicebio Technology Co., Ltd.) for 5 min 
at 37˚C. An anti‑fading solution (P0126, Beyotime Institute 
of Biotechnology) was added in a dropwise manner, and 
observation was performed with a Nikon A1+ laser confocal 
microscope (Nikon Corporation).

Statistical analysis. Statistical analysis was performed using 
SPSS 23.0 software (IBM Corp.). The statistical significance 
of differences between two datasets was calculated using the 
two‑tailed paired or unpaired Student's t‑test; for comparison 
of multiple groups, one‑ or two‑way ANOVA was performed 
followed using Dunnett's for multiple post hoc comparisons. 
P‑values <0.05 were considered to indicate statistically signifi‑
cant differences.

Results

The level of O‑GlcNAcylation is associated with the malig‑
nancy of EC. To explore the effects of O‑GlcNAcylation on 
EC, OGT and O‑GlcNAc expression was examined in cancer 
tissues and paired tumor‑adjacent tissues from 15 patients 
with EC. The results of immunohistochemistry revealed that 
the EC tissues expressed higher levels of OGT and O‑GlcNAc 
than the paired normal tumor‑adjacent endometrial tissues 
(Fig. 1A and B). Likewise, the OGT and O‑GlcNAc H‑SCOREs 
in the EC tissues were significantly higher than those in the 
paired tumor‑adjacent tissues (Fig. 1C and D).

In addition, the association between the H‑SCORE of 
O‑GlcNAcylation and OGT, and the clinicopathological 
features of 28 patients with EC was analyzed (Tables I and 
II, and Fig. S1). A high staining intensity of O‑GlcNAcylation 
was positive associated with lymph node metastasis, histo‑
pathological grade and clinical stage. The increased expression 
of OGT was positively associated with the clinical stage and 
lymph node metastasis, although not with the histopatho‑
logical grade. Neither O‑GlcNAcylation nor OGT expression 
was associated with the age of the patients.

Figure 1. OGT and O‑GlcNAc expression levels are upregulated in EC tissues. (A and B) Immunohistochemical staining of OGT and O‑GlcNAc in EC tumor 
and paired tumor‑adjacent tissue sections. Scale bars, 50 µm. (C and D) H‑SCORE of OGT and O‑GlcNAc in cancer tissues and paired tumor‑adjacent tissues. 
*P<0.05 and **P<0.01. OGT, O‑GlcNAc transferase; EC, endometrial cancer; H‑SCORE, histochemistry score.
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O‑GlcNAcylation is essential for the malignancy of EC 
cells. To examine the effects of O‑GlcNAcylation on EC, 
the EC cells were treated with TMG and OSMI‑1, which are 
able to regulate O‑GlcNAcylation. The O‑GlcNAcylation 
levels increase upon treatment with TMG via the antago‑
nization of OGA activity, whereas these levels are reduced 
following treatment with OSMI‑1 through the inhibition 
of OGT activity (33,34). Similar to these previous studies, 
the results of the present study indicated that treatment 
with TMG increased the O‑GlcNAcylation levels, whereas 
treatment with OSMI‑1 reduced the O‑GlcNAcylation levels 
(Fig. 2A and B). The results of CCK‑8 assay revealed that 
the OSMI‑1‑treated cells (OSMI‑1 group) had a mark‑
edly impaired proliferative ability compared to the control 
group (DMSO group), while the TMG‑treated cells (TMG 

group) had a significantly enhanced proliferative ability 
(Fig. 2C and D). In addition, the migratory ability of the 
aforementioned cells was examined using wound healing 
assays. The results revealed that the migratory ability of 
the cells in the OSMI‑1 group was markedly reduced in 
comparison with the control group, while that of the TMG 
group was not significantly altered (Fig. 2E and F).

Subsequently, OGT‑specific small hairpin RNA (shRNA) 
were used to construct stable OGT‑deficient AN3CA and 
HEC‑1‑B cell lines. OGT expression was decreased in 
OGT‑specific shRNA‑transfected cells compared to the 
control (Con‑sh) cells, and the O‑GlcNAcylation levels 
were also found to be decreased (Fig. 3A and B). When 
compared to the control group, the OGT‑deficient (OGT‑sh) 
cells exhibited an inhibited growth capacity in the CCK‑8 

Table I. Evaluation of the association between O‑GlcNAcylation and the clinical characteristics of 28 patients with endometrial 
cancer.

Variable No. of patients H‑SCORE of O‑GlcNAc (± SE)  P‑value

Age (years)   
  <55 13 147.65±18.80 0.640505
  ≥55 15 150.72±15.59 
Histopathological grade   
  Well differentiated 7 137.43±7.15 0.028965a

  Moderately differentiated + poorly differentiated 21 153.25±17.45 
Clinical stage   
  I + II 19 144.09±12.69 0.014766a

  III + IV 9 160.29±20.04 
Lymph node metastasis   
  Yes 8 163.81±16.87 0.002264b

  No 20 143.49±13.30 

aP<0.05 and bP<0.01.

Table II. Evaluation of the association between OGT and the clinical characteristics of 28 patients with endometrial cancer.

Variable No. of patients H‑SCORE of OGT (± SEM) P‑value

Age (years)   
  <55 13 53.4715±24.44747 0.455603
  ≥55 15 47.3313±18.37585 
Histopathological grade   
  Well differentiated 7 55.98±22.19 0.414238
  Moderately + poorly differentiated 21 48.25±21.09 
Clinical stage   
  I + II 19 38.23±20.70 0.037619a

  III + IV 9 55.84±19.49 
Lymph node metastasis   
  Yes 8 56.42±19.72 0.010983a

  No 20 34.59±17.11 

aP<0.05. OGT, O‑GlcNAc transferase.



ZHAI et al:  O‑GlcNAcylation MEDIATES ENDOMETRIAL CANCER PROGRESSION6

and EdU cell proliferation assays (Fig. 3C and D). The 
results of wound healing assay also revealed an impaired 
wound closure rate for the OGT‑deficient cells (Fig. S2). 
Transwell assays were then used to assess the migratory 
and invasive ability of the OGT‑sh group (in both AN3CA 
and HEC‑1‑B cells) and it was found that the migratory and 
invasive ability of the cells decreased significantly in the 
OGT‑sh group (Fig. 3E and F). These findings demonstrate 
that O‑GlcNAcylation is critical to EC proliferation and 
metastasis.

YAP combines with OGT and undergoes O‑GlcNAcylation. 
In order to elucidate the mechanisms through which 
O‑GlcNAcylation promotes the development of EC, the 
Con‑sh and OGT‑sh HEC‑1‑B cells were analyzed using 
high‑performance liquid chromatography to identify 

differential proteins that could be O‑GlcNAcylated (Fig. 4A). 
It was found that YAP was O‑GlcNAcylated, and the knock‑
down of OGT resulted in a reduced YAP O‑GlcNAcylation 
(Fig. 4A). Combined with the related genes of EC in the 
GeneCards database (https://www.genecards.org/) and 
the crucial role of YAP in EC, it was hypothesized that 
O‑GlcNAcylation may affect tumor malignancy by regu‑
lating YAP. It was verified that YAP was the target protein 
for O‑GlcNAcylation through co‑immunoprecipitation 
experiments: Its O‑GlcNAcylation level was reduced as the 
global O‑GlcNAcylation decreased (Fig. 4B). Furthermore, it 
was demonstrated that the knockdown of YAP significantly 
reduced the proliferative and migratory abilities of the cells; 
however, altering the O‑GlcNAcylation of cells following 
the knockdown of YAP had no significant effect on the 
proliferative and migratory abilities of the cells (Fig. S3). 

Figure 2. O‑GlcNAcylation modulates the invasion and metastasis of endometrial cancer cells. (A and B) AN3CA and HEC‑1‑B cells were treated with DMSO, 
TMG (10 µM), or OSMI‑1 (50 µM) for 24 h. Western blot analysis was used to examine O‑GlcNAc expression. (C and D) The same number of cells was 
inoculated in 96‑well plates with DMSO, TMG (10 µM), or OSMI (50 µM) in the medium. Cell proliferation was measured using a Cell Counting Kit‑8 assay 
at the indicated time points. (E and F) Wound healing assays were performed to evaluate the effects of O‑GlcNAcylation on the migratory abilities of AN3CA 
and HEC‑1‑B cells. The cells were treated with DMSO, TMG (10 µM), or OSMI‑1 (50 µM). Images were obtained at 0 and 24 h after the scraping of single 
molecule membranes. Scale bars, 100 µm. Data represent the mean ± SD (n=3). *P<0.05 and **P<0.01. ns, not significant; TMG, Thiamet‑G.
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Figure 3. OGT dysregulation affects endometrial cancer cell proliferation, migration and invasion. Stable OGT‑deficient cell lines and control groups were 
established by transfection with OGT shRNA or control. (A and B) The levels of OGT and global O‑GlcNAcylation in Con‑sh and OGT‑sh groups of (A) 
AN3CA and (B) HEC‑1‑B cells were examined using western blot analysis. (C) Cell proliferation was measured using Cell Counting Kit‑8 assays at the 
indicated time points. (D) EdU staining assays were used to examine the proliferative capacities of cells in the Con‑sh and OGT‑sh groups. Scale bars, 50 µm. 
(E and F) Cell migration and invasion were examined using Transwell assays. Following 48 h of culture, the Transwell membrane was stained and observed 
under a microscope. Scale bars, 100 µm. Data represent the mean ± SD (n=3). *P<0.05 and **P<0.01. OGT, O‑GlcNAc transferase.
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In addition, owing to the fact that OGT is the only enzyme 
known to promote protein O‑GlcNAcylation, the present 
study examined whether YAP interacts with OGT. The 
result of co‑immunoprecipitation assays indicated that YAP 
interacted with OGT (Fig. 4C and D). In summary, it was 
demonstrated that YAP interacts with OGT, leading to its 
O‑GlcNAcylation.

YAP O‑GlcNAcylation inhibits phosphorylation by 
suppressing YAP/LATS1/2 expression to improve the stability 
of YAP protein. In light of the fact that O‑GlcNAcylation 
affects the expression and function of multiple proteins, 
the effects of O‑GlcNAcylation on YAP expression were 
examined. It was observed that YAP expression was 
decreased in the OGT‑sh group (Fig. 5A and B). YAP tran‑
scriptional levels were measured in the Con‑sh and OGT‑sh 
groups to investigate the mechanisms driving the changes 
in YAP expression (Fig. 5C). The transcriptional levels of 
YAP in the AN3CA OGT‑sh group increased significantly, 
whereas no significant difference was found between the 
HEC‑1‑B Con‑sh and OGT‑sh groups (Fig. 5C). As protein 
concentration is regulated by synthesis and degradation, 
it was hypothesized that the changes in YAP expression 
were related to YAP degradation. As demonstrated by CHX 
chase experiments, OGT knockdown reduced the half‑life 

of YAP in EC cells (Figs. 5D and S4), indicating that 
O‑GlcNAcylation modulates YAP expression by enhancing 
its stability.

Since YAP phosphorylation at Ser127 (p‑YAP) inacti‑
vates YAP through cytosolic sequestration and subsequent 
degradation (22), it was hypothesized that the changes in 
YAP expression due to O‑GlcNAcylation were associated 
with its phosphorylation. It was found that a decreased 
O‑GlcNAcylation resulted in a significantly increased 
p‑YAP(S127)/YAP ratio (decreased YAP expression with 
increased p‑YAP expression; Fig. 5A and B). Through the 
kinase cascade reaction, YAP, a Hippo pathway effector, is 
phosphorylated by upstream kinases (LATS1/2) (22). Herein, 
to explore whether O‑GlcNAcylation affects the phos‑
phorylation of YAP by blocking LATS1/2 binding to YAP, 
co‑immunoprecipitation assays were performed. The results 
suggested that the reduced O‑GlcNAcylation promoted the 
accessibility of YAP to LATS1/2 (Fig. 5E). On the whole, the 
results confirmed that O‑GlcNAcylation enhanced the stability 
of YAP by inhibiting its phosphorylation via the suppression 
of the interaction of YAP and LATS1/2.

O‑GlcNAcylation of YAP regulates its activation and nuclear 
translocation. It has been shown that unphosphorylated YAP 
enters the nucleus and actives transcription factors (21). 

Figure 4. YAP interacts with OGT for O‑GlcNAcylation. (A) Heatmap illustrating proteins in the Con‑sh and OGT‑sh groups of HEC‑1‑B cells that 
were O‑GlcNAcylated. (B) YAP O‑GlcNAcylation was detected using a co‑immunoprecipitation assay after changing the global O‑GlcNAcylation level. 
(C and D) Co‑immunoprecipitation assays demonstrated the interaction between OGT and YAP in AN3CA and HEC‑1‑B cells. YAP, Yes‑associated protein; 
OGT, O‑GlcNAc transferase.
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However, whether YAP O‑GlcNAcylation leads to induces 
YAP nuclear entry remains unclear. Therefore, the present 
study examined the distribution of YAP by separating 
nuclear and cytoplasmic proteins. It was observed that YAP 
expression was markedly reduced in the nucleus and slightly 
decreased in the cytoplasm of the OGT‑sh group (Fig. 6A). 
These results were in accordance with those obtained by 
immunofluorescence staining, which confirmed that YAP in 
the OGT‑sh group was predominantly located in the cyto‑
plasm and less in the nucleus compared to the control group 
(Fig. 6B and C).

Further research was conducted on the mRNA expression 
of typical YAP target genes (ANKRD1, CTGF, CYR61 and 
GLUT3) to examine the effects of O‑GlcNAcylation on YAP 
activity (Fig. 6D and E). The results revealed that a decrease 
in O‑GlcNAcylation reduced the transcriptional levels of YAP 
downstream target genes (Fig. 6D and E). Subsequently, the 
protein expression of CTGF was verified using western blot 
analysis. Consistent with the results obtained for mRNA 
expression, reduced O‑GlcNAcylation resulted in a decreased 
expression of CTGF (Fig. 6F). Thus, these results demonstrate 

that YAP nuclear distribution and activation are influenced by 
its O‑GlcNAcylation level.

Discussion

By comparing EC tissues with normal tumor‑adjacent 
endometrial tissues, the present study found that OGT and 
O‑GlcNAcylation were significantly upregulated in EC 
tissues. O‑GlcNAcylation was positively associated with 
lymph node metastasis, histopathological grade and clinical 
stage, while OGT expression was positively associated with 
clinical stage and lymph node metastasis, although not with 
histopathological grade. O‑GlcNAcylation in tissues may 
not only be regulated via OGT, but also by OGA and the 
nutritional status in vivo; however, the sample size in the 
present study was not sufficient to cover all these aspects. In 
subsequent experiments, it was confirmed that the reduction 
of O‑GlcNAcylation affected EC cell proliferation, migra‑
tion and invasion.

In EC cells and tissues, YAP is upregulated and its 
expression is significantly associated with tumor grade, 

Figure 5. O‑GlcNAcylation regulates YAP stability and phosphorylation by inhibiting the YAP/LATS1/2 interaction. (A and B) Western blot analysis of YAP 
and p‑YAP expression levels in the Con‑sh and OGT‑sh groups of (A) AN3CA and (B) HEC‑1‑B cells. (C) mRNA expression levels of YAP in the Con‑sh and 
OGT‑sh groups of endometrial cancer cells. (D) CHX chase experiments were used to measure YAP expression at different time points following treatment 
of the cells with CHX (50 µM). (E) Co‑immunoprecipitation assay revealed that O‑GlcNAcylation affected the YAP‑LATS1/2 interaction. Data represent the 
mean ± SD (n=3). **P<0.01. ns, not significant; YAP, Yes‑associated protein; OGT, O‑GlcNAc transferase; CHX, cycloheximide.
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stage, post‑operative recurrence/metastasis, and overall 
survival (35‑37). As YAP expression and function are 
controlled by its phosphorylation (38), altering its phos‑
phorylation affects the malignancy of a variety of tumors 
by influencing YAP activation and nucleation (39,40). YAP 
O‑GlcNAcylation hinders its phosphorylation, thus facilitating 
YAP entry into the nucleus to exert pro‑cancer effects (41,42). 
Based on these findings, the present study identified that 
YAP was O‑GlcNAcylated in EC cells and that this modi‑
fication affected its expression. Further analyses revealed 

that a reduction in the global O‑GlcNAcylation levels in EC 
cells resulted in the decreased O‑GlcNAcylation of YAP and 
promoted YAP phosphorylation by facilitating the binding 
of YAP to LATS1/2, leading to its cytoplasmic retention and 
functional inactivation.

It has been demonstrated that downstream target genes 
of YAP play a crucial role in tumorigenesis. CTGF is a 
multifunctional signaling regulator that promotes cancer 
development, progression and metastasis by regulating cell 
proliferation (43). CTGF has been found to be an independent 

Figure 6. YAP O‑GlcNAcylation promotes its activation and nuclear translocation. (A) Nuclear‑cytoplasmic separation assays revealed the cellular sub‑local‑
ization of YAP in the different groups. (B and C) Immunofluorescence staining revealed the cellular sub‑localization of YAP in the different groups. Scale 
bars, 10 µm. (D and E) mRNA expression of ANKRD1, CTGF, CYR61 and GLUT3 was detected in endometrial cancer using reverse transcription‑quantitative 
PCR in EC cells. (F) Western blot analysis was used to measure CTGF expression in endometrial cancer cells. Data represent the mean ± SD (n=3). *P<0.05 
and **P<0.01. ns, not significant; YAP, Yes‑associated protein; OGT, O‑GlcNAc transferase; H3, Histone‑H3; ANKRD1, ankyrin repeat domain 1; CTGF, 
connective tissue growth factor; CYR61, cysteine‑rich angiogenic inducer 61; GLUT3, glucose transporter 3.
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prognostic factor in EC; it is closely associated with the 
development of EC and can be used as a prognostic biomarker 
in EC (44). GLUT3 is a member of the GLUT family and 
is involved in the first step of cellular glucose utilization 
and glycolysis. It has been found that GLUT3 is involved in 
glucose uptake by EC cells and is associated with the degree of 
differentiation of EC (45). CYR61 is a dynamically expressed 
multifunctional matricellular protein that is associated with 
the proliferative capacity of EC cells (46). A key mechanism 
through which YAP exerts its influence on tumor function 
is by regulating the expression of its downstream target 
proteins (47). YAP promotes the proliferation and migra‑
tion of colorectal cancer cells through the GLUT3/AMPK 
signaling pathway (48); the Hippo‑YAP pathway upregulates 
CYR61/CTGF to promote the aggressive phenotype of thyroid 
cancer (49). The authors aim to focus on exploring the func‑
tion of downstream target genes of YAP protein in EC and to 
further explore the localization of YAP and its downstream 
target genes in EC tissue in future studies.

There is a frequent and dynamic crosstalk between 
O‑GlcNAcylation and phosphorylation. These PTMs can 
compete for the same sites/residues (50,51) and occur 
on Ser/Thr residues both at close distances from one 
another (52,53) and relatively far from one another (54). This 
crosstalk is reflected in YAP by the fact that O‑GlcNAcylation 
and phosphorylation occur at residues in close proximity 
and that the PTMs have specific effects on the function of 
the protein. When YAP is O‑GlcNAcylated at threonine 241, 
its serine 127 phosphorylation is inhibited, which promotes 
YAP nuclear translocation in hepatocellular carcinoma 
cells (41). YAP undergoes O‑GlcNAcylation at serine 109, 
competing with serine 127 phosphorylation (42,55). The 
present study identified the O‑GlcNAcylation site of YAP 

in EC cells by mass spectrometry (Fig. S5); however, the 
present study only demonstrated that the O‑GlcNAcylation 
of YAP hinders the phosphorylation of serine 127. The 
specific PTM site that affects YAP phosphorylation needs 
further investigation.

In conclusion, the present study demonstrated elevated 
O‑GlcNAcylation levels in EC and explored the mechanisms 
of the tumorigenic role of O‑GlcNAcylation. It was demon‑
strated for the first time, to the best of our knowledge, that 
the O‑GlcNAcylation of YAP affects the phosphorylation of 
its serine 127 site, which in turn regulates the malignancy of 
EC (Fig. 7). The results obtained herein suggest that targeting 
YAP O‑GlcNAcylation may represent a promising therapeutic 
strategy for EC.
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Figure 7. Schematic diagram illustrating that O‑GlcNAcylation affects the 
malignancy of endometrial cancer by regulating the activity and phosphory‑
lation of YAP. YAP, Yes‑associated protein; OGT, O‑GlcNAc transferase; 
ANKRD1, ankyrin repeat domain 1; CTGF, connective tissue growth factor; 
CYR61, cysteine‑rich angiogenic inducer 61; HBP, hexosamine‑biosynthesis 
pathway; Glc, glucose; TEAD, TEA domain transcription factor; ON, down‑
stream pathway activation.
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