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ABSTRACT

Introduction: O-linked B-D-N-acetylglucosamine (O-GIcNAc) modification is a post-translational modifi-
cation in which a single O-GlcNAc is added to serine or threonine residues in nuclear, cytoplasmic, and
mitochondrial proteins, and is involved in a variety of physiological processes.

Objectives: In the present study, the role of O-GlcNAcylation in embryo implantation was evaluated.
Furthermore, whether O-GlcNAcylation is involved in orchestrating glucose metabolism to influence
endometrial cell physiological functions was investigated.

Methods: Different endometrial tissues were detected using immunohistochemistry. Pregnant mouse
models were established to verify molecular expression. O-GIcNAc transferase and aquaporin 3 (AQP3)
knockdown were used to detect embryo implantation efficiency in vitro and in vivo. Western blotting
and immunofluorescence were used to detect protein expression and stability. Dual luciferase reporter
assay and chromatin immunoprecipitation (ChIP) were used to verify the binding transcription factor.
Glycolysis was detected using bioenergy analyzer, and metabolites were analyzed using isotope 13C-
labeled LC-MS. Metabolic-related genes were determined using RNA sequencing.
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Results: Activation of endometrial hexosamine biosynthetic pathway (HBP) caused elevated O-
GlcNAcylation during the window of implantation, affecting endometrial cell function and embryo
implantation. Specifically, elevated O-GlcNAcylation increased glucose uptake via glucose transporter 1
(GLUT1) leading to glucose metabolic flow into the pentose phosphate pathways and HBP, which regulate
the metabolic reprogramming of endometrial cells. Furthermore, O-GlcNAcylation mediated the intracel-
lular transport of glycerol to support and compensate for glycolysis through regulation of AQP3.
Unexpectedly, elevated AQP3 also increased glucose uptake via GLUT1. These processes maintained
higher metabolic requirements for endometrial physiology. Furthermore, the transcription factor SP1
specifically bound to the AQP3 promoter region, and O-GlcNAcylation of SP1 increased its stability and
transcriptional regulation of AQP3 which is associated with O-GlcNAcylation of SP1.

Conclusion: Overall, O-GlcNAcylation regulated glucose metabolism in endometrial cells, and AQP3-
mediated compensation provides new insights into the communication between glycolysis and O-
GlcNAcylation.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

O-linked B-D-N-acetylglucosamine (O-GlcNAc) modification is
one of the most abundant post-translational modifications in
eukaryotic cells and is believed to consist of the addition of a single
0-GIcNAc to serine or threonine residues of nuclear, cytoplasmic,
and mitochondrial proteins [1]. To date, only two enzymes have
been found responsible for the regulation of O-GIcNAcylation, O-
GIcNAc transferase (OGT), catalyzing the addition of O-GIcNAc,
and O-GlcNAcase (OGA), catalyzing the hydrolysis of O-GIcNAc.
0-GIcNAcylation regulates multiple pathways by affecting protein
transcription, localization, interaction, activity, and degradation,
thereby regulating cellular physiology rapidly and reversibly by
sensing a wide range of signals [2]. Notably, most proteins that
can be modified by 0-GIcNAc are also thought to undergo phos-
phorylation, and in many cases, extensive cross-talk between the
two modifications regulates protein function [3]. Furthermore,
although abnormal O-GlcNAcylation of key proteins has been
shown to occur in a variety of diseases [4], the role of O-GIcNAc
modification in pregnancy has rarely been described.

Mammalian embryo implantation refers to the process in which
the blastocyst becomes implanted in the endometrium through a
series of events such as recognition, localization, adhesion, and
crossing the basement membrane. These series of complex events
occur in a specific period called the window of implantation. The
endometrial conditions required for the successful completion of
this process mainly consist of the appropriate differentiation of
the endometrium at the right time. The endometrium undergoes
profound cellular and biochemical changes, from being prolifera-
tive to secretory, in the pre-implantation of the embryo, which
leads to the endometrium entering a receptive state [5]. Decidual-
ization of endometrial stromal cells further supports the mainte-
nance of pregnancy [6]. Human pregnancy efficiency is relatively
low and 75% of pregnancy failures are associated with defects that
occur during peri-implantation [7]. Evidence indicates that glucose
metabolism plays an important role in the peri-implantation of
humans and rodents [8,9]. Because the precursor of O-
GIcNAcylation, UDP-GIcNAc, connects the metabolic pathways of
glucose, fatty acids, nucleic acids, and nitrogen, O-GIcNAcylation
as a nutrient sensor appears crucial for physiological and metabolic
processes such as cell growth, survival, sensing nutritional status,
and integration of multiple signaling pathways [10]. However,
how the O-GlcNAcylation regulates the signaling pathway that
coordinates metabolism to affect endometrial physiology and to
prepare for implantation remains unknown.

In the present study, O-GlcNAcylation was shown to have a reg-
ulatory effect on changes of endometrium physiological and
implantation during the window of implantation. Increased GLUT1
promoted O-GlcNAcylation levels by the hexosamine biosynthetic
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pathway (HBP); elevated O-GIcNAcylation affected endometrial
cell function and redirected glucose metabolic flow, shunting it
to the pentose phosphate pathway (PPP) and HBP. In addition,
increased glycolysis levels decreased the TCA cycle, and elevated
ATP and lactate levels in endometrial tissue at the secretory phase
increased the existence of Warburg-like glycolysis during the
window of implantation. This increased glycolysis level can be
achieved Dby increasing glucose uptake through the
0-GlcNAcylation regulation of GLUT1, and the regulation of aqua-
porin 3 (AQP3) by O-GIcNAcylation mediates the intracellular
transport of glycerol to compensate for increased glycolysis. Fur-
thermore, the O-GlcNAcylation of SP1 regulated AQP3. Conversely,
this indicated that metabolic changes provide cells with possible
biosynthetic intermediates such as nucleotides as well as energy
supply and overall response to physiological changes in the endo-
metrium. In general, the present study results, at least partly
explain the adverse pregnancy outcomes observed in metabolic
disorders and provides a reference for understanding metabolic
mechanisms within the endometrium during implantation.

Materials and methods
Samples

Human endometrium samples were obtained from the First
Affiliated Hospital of Dalian Medical University. Clinical sample
information was provided in table S1. The pathology of the samples
was verified by pathologists through hematoxylin-eosin (HE)
staining.

Mice experiments

Adult female ICR mice were obtained from the Dalian Medical
University animal center. First, mice were mated in cages in the
evening at a female: male of 2:1. Subsequently, the next morning
female mice were checked for the formation of a vaginal plug. If
a vaginal plug was present, this was defined as the first day (D1)
of the mating. Uterine tissues were collected during D1-D5 (peri-
implantation). The implantation efficiency was determined by
uterine horn injection, as described in previous studies [11,12].
On D3, the uterine horn injection of OGT, AQP3, GLUT1 siRNA
(100 pmol and 5 pL Lipo2000 in 20 pL normal saline) was per-
formed, while the other side of the uterus was injected with nor-
mal saline. On D7, the mice were killed by anesthetic and the
number of embryos examined and counted. The interference
sequences were in table S2.
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Ethics statement

All experiments involving animals were approved by the Ani-
mal Ethics committee of the Dalian Medical University
(AEE21033). Informed consent was obtained from patients for
using their samples in this study, and this project was approved
by the Ethics Committee of First Affiliated Hospital of Dalian Med-
ical University (YJ-KY-FB-2021-13).

Plasmids

SP1 and AQP3 over-expression (over-AQP3/SP1) plasmids, short
hairpin (sh)AQP3 plasmid, and an empty vector (negative control,
NC) plasmid were purchased from Geneopoeia company (Rockville,
MD, USA). Six putative O-GlcNAcylation sites (S491, S612, T640,
S641, S698, and S702) of SP1 were mutated to alanine (enhanced
green fluorescent protein (eGFP)-SP1-MT) by Tongyong Company
(Chuzhou, China), with WT the control group (eGFP-SP1-WT).
The full-length cDNA of SP1 (785aa) was cloned into a pcDNA3.1
(-) vector with an eGFP tag. All constructs were confirmed by
DNA sequencing.

Cell culture

HEC-1A, RL95-2, Ishikawa, JAR (as an embryo model) [13-15],
and Hela cell lines were purchased from the American Tissue Cul-
ture Collection. AN3-CA cell lines were purchased from Procell Life
Science & Technology Co.,Ltd (Wuhan, China). HEC-1A cells were
grown in McCoy'’s 5A, Ishikawa and JAR cells were grown in RPMI
1640, AN3-CA and Hela cells were grown in DMEM medium
(Thermo Fisher Scientific, Inc.). RL95-2 cells were grown in
DMEM/F-12 medium containing 0.005 mg/mL insulin.

Knockdown by small interfering RNA

Cells were seeded in 35 mm plates (1 x 10° cells), and 24 h
later, were infected with 100 mM of siRNA targeting OGT, OGA,
SP1, E2F1, NF-kB1 ((si)SP1, (si)E2F1, (si)NF-kB1 sequences have
been validated in our other studies), and negative control (scram-
bled sequence) used 5 pL Lipofectamine 2000 (Invitrogen, USA).
The interference sequences were in table S3.

Cell proliferation assay

The Cell Counting Kit-8 (CCK-8) assay (APEXBIO, Houston, TX,
USA) detected cell proliferation and viability according to the man-
ufacturer’s instructions.

Cell invasion, migration, and in the vitro adhesion assay

Invasion and migration assays were conducted in Transwell,
with or without Matrigel matrix (BD Biosciences, USA), respec-
tively. Briefly, the number of cells invading (with Matrigel) or
migrating to (without Matrigel) the filter membrane bottom was
observed. For the adhesion assay, JAR cells were pretreated with
CellTraceTM CFSE (Invitrogen, Carlsbad, CA, USA) and then
resuspended and added to a treated culture plate containing
HEC-1A/RL95-2 cell monolayer, which was gently shaken
(40 rpm, for spheroids) for 1 h at 37C, and attached cells were
observed.

Cellular bioenergetics analysis
The extracellular acidification rate (ECAR), an indicator of gly-

colysis, and oxygen consumption rate (OCR), an important metric
for mitochondrial function, were measured with a Seahorse
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Biosciences XF Analyzer (Seahorse Bioscience Inc., USA). An XF Gly-
colysis Stress Test Kit was used to measure glycolytic capacity
(ECAR, Seahorse Bioscience Inc.). Basal OCR was also determined.

Glucose uptake, lactate, ATP, glycerol, and glycogen assays

For the glucose uptake assay, 2-NBDG (APExBIO) was used to
incubate the cells in the glucose-free medium. Images were then
acquired using a fluorescence microscope. Intracellular lactate
and ATP levels were determined using a CheKine™ Lactate Assay
Kit (Abbkine, Wuhan, China), and ATP detection Assay Kit (Solar-
bio, Beijing, China), respectively. Glycerol levels of intracellular
and tissue were determined using a Glycerol Assay Kit (Nanjing
Jiancheng, Nanjing, China). Periodic Acid Schiff (PAS) reagent (Nan-
jing Jiancheng) was used to detect the Glycogen content according
to the manufacturer’s protocol.

Isotope carbon metabolic tracing

Cells were cultured in a medium containing uniformly labeled
U-13C6-glucose. After 24 h, samples (5 x 10° cells/sample) were
washed with ice-cold PBS, 1 ml of methanol-water (4:1, V/V;
pre-frozen at —80C for 4-6 h) added, and samples incubated at
—80C for 20 min. The cells were then collected and stored at
—80C. Metabolites were detected and analyzed by LipidALL Tech-
nologies Co., Ltd. (Changzhou, China).

Transcriptome sequencing and analysis

Transcriptome analysis was performed by Novogene Technol-
ogy Co., Ltd. (Beijing, China). [llumina sequencing was then per-
formed after library pooling. The number of reads covered from
initiation to termination of each gene (including the new predic-
tive gene) was counted using Subread software. HISAT2 software
was used to accurately compare Clean Reads with an Hg19 human
genome to obtain the location information of Reads. Normalization
was performed on the original Readcount to screen genes whose
expression levels were significantly in different states.

Immunoprecipitation (IP) and immunoblotting

Proteins were extracted on ice with radioimmunoprecipitation
buffer from 1 to 5 x 10° cells (Transgene, Beijing, China). For IP,
lysates were incubated with the appropriate antibody: anti-SP1
(Proteintech, Wuhan, China). Subsequently, Protein A/G -agarose
(Santa Cruz Biotechnology. Inc, USA) was added to lysates for 4 h
to IP the target protein. For immunoblotting, protein samples or
the IP were separated by 10% SDS-PAGE and transferred to nitro-
cellulose membranes (Millipore, Burlington, USA). The membranes
were incubated with the following antibodies: O-GIcNAc (1:1000,
ab2739, RL2, Abcam, Cambridge, MA, USA), OGT (1:1000, 11576-
2-AP, Proteintech, Wuhan, China), OGA (1:1000, 14711-1-AP,
Proteintech), AQP3 (1:1000, ab125219, Abcam), beta-actin
(1:1000, 20536-1-AP, Proteintech), GLUT1 (1:1000, 66290-1-Ig,
Proteintech), c-Myc (1:2000, 10828-1-AP, Proteintech), SP1
(1:2000, 21962-1-AP, Proteintech), Lamin B1 (1:2000, 12987-1-
AP, Proteintech), at 4 °C overnight, respectively. Then, the mem-
branes were incubated with horseradish peroxidase-conjugated
secondary antibody (Proteintech) for 1 h at room temperature
and visualized using a chemiluminescent substrate (Invitrogen,
USA) by an Image Lab detection system (Bio-Rad, USA).

Quantitative polymerase chain reaction (PCR)

RNA Extraction Kit (Takara, Japan) was used to total RNA isola-
tion. A reverse-transcription kit (Takara) was used to synthesis the
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cDNAs, and the ABI StepOne Real-time PCR system (Applied
BioSystems, USA) analyzed the target genes by real-time PCR. Fold
changes were calculated from raw data using the 22T method.
The primer sequences were in table S4.

Immunohistochemistry (IHC)

Paraffin sections of tissues were deparaffinized in xylene. After
endogenous peroxidase activity was quenched by hydrogen
peroxide, the paraffin sections were stained with specific antibod-
ies: O-GIcNAc (1:100, ab2739, RL2, Abcam), GLUT1 (1:100, 66290-
1-Ig, Proteintech), GFAT (1:100, 14132-1-AP, Proteintech), or GYK
(1:100, 13360-1-AP, Proteintech). Immunodetection was carried
out with biotinylated IgG (ZSGB-Biotechnology Co., Beijing, China),
followed by incubation with horseradish peroxidase-labeled strep-
tavidin solution. Finally, the color reactants were developed with
diaminobenzidine.

Luciferase reporter assay

The AQP3 promoter-luciferase reporter system was constructed
by ligating a DNA fragment encoding the human AQP3 promoter
into pGL3-basic (Promega, Madison, WI, USA). A dual-luciferase
reporter assay system (Promega) was used to measure the lucifer-
ase activities in cell lysates after cells were co-transfected with the
AQP3 promoter-luciferase gene, or siSP1 or siE2F1 small interfering
RNAs or an SP1-overexpressing vector. Renilla luciferase was used
for the normalized of Luciferase values.

Chromatin immunoprecipitation (ChIP) assay

Hela cells were crosslinked with 1% formaldehyde and then
were sonicated in lysis buffer. The sonicated lysates were incu-
bated with normal IgG, or SP1 antibody overnight at 4C and were
IP with protein A/G agarose. Samples were reverse crosslinked at
65C for 4 h, and the IP DNA fragments were extracted with phe-
nol/chloroform/isoamyl alcohol (25:24:1). Agarose electrophoresis
was used for the analysis of PCR products. The AQP3-S1 primer

sequences were as follows: forward: 5‘-TCCATGCCCG
CAGCTCCCTCCA-3¢; reverse: 5‘-CTCCAGCGCTGGTGGCTCCCTTTA-
3.

Immunofluorescence (IF) staining

Cells were fixed in 4% paraformaldehyde and were permeabi-
lized using 0.1% Triton X-100, followed by anti-O-GIcNAc (1:100,
ab2739, RL2, Abcam), anti-SP1 (1:100, 21962-1-AP, Proteintech)
incubation overnight at 4 °C. Then cells were incubated with
CL594-conjugated anti-rabbit (1:500, SA00013-4, Proteintech) or
CL488-conjugated anti-mouse IgG (1:500, SA00013-1, Proteintech)
secondary antibodies, and cell nuclei were stained with DAPI.
Images were acquired by using an Olympus BX51 immunofluores-
cence microscope.

Statistical analysis

All data are presented as mean + standard deviations. The sta-
tistical analyses were performed using Student’s t-test and one-
way ANOVA by GraphPad Prism 8.0 (GraphPad Software). A value
of P < 0.05 was considered statistically significant. Experiments
were repeated three or more times.
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Results

O-GIcNAc modification is important for cell function and pregnancy
outcomes

To investigate the possible role of O-GIcNAc modification in
pregnancy, samples of human endometrium were collected and
the proliferative and secretory phases identified using hematoxylin
and eosin (H&E) staining (Fig. S1A). Immunohistochemistry results
showed higher levels of O-GlcNAc modification in the secretory
phase (Fig. 1A) and mainly localized in glandular epithelium. Based
on in vitro cell models [13-15] showing O-GlcNAc modification
levels were higher in RL95-2 and Ishikawa cells than in HEC-1A
and AN3-CA cells (Fig. 1B), we selected commonly used HEC-1A
(as non-receptive endometrial epithelial cells) and RL95-2 (as
receptive endometrial epithelial cells) cells [13-15]. Subsequently,
0-GlcNAcylation levels were modulated using small interfering (si)
RNAs, siOGT and siOGA. Verification results are shown in Fig-
ure S1B-D, thus, siOGT3 and siOGA3 were used for subsequent
experiments. Furthermore, regulation of O-GlcNAcylation levels
significantly affected cell proliferation (Fig. 1C), migration
(Fig. 1D), invasion (Fig. 1E), and adhesion (Fig. 1F). To analyze the
effects of O-GIcNAcylation depletion on pregnancy outcomes
in vivo, negative control (NC, scrambled siRNA) or siOGT were
injected into the uterine horn and embryo implantation evaluated.
Results showed the implantation rate was significantly lower,
approximately 0.38-fold, than in the control group (Fig. 1G). In
addition, the OGT mRNA level in the endometrial tissue of sponta-
neous abortions was significantly lower than in induced abortions
(Fig. 1H), which further indicated that O-GlcNAcylation might be
involved in endometrial changes during the embryo implantation
process.

Elevated GLUT1 increases O-GlcNAcylation through HBP during
the window of implantation

0O-GlcNAcylation uses UDP-GIcNAc as a substrate in the HBP, a
branch of glucose metabolism [16]. In the present study, GLUT1
expression was increased in the secretory phase (Fig. 2A) and
mainly located in glandular epithelium and stroma. In addition,
the accumulation of glycogen in the endometrium indicated meta-
bolic changes (Fig. S2A). Considering the importance of glucose for
implantation, we altered the glucose concentration and found that
15 mM and 25 mM glucose increased GLUT1, O-GIcNAcylation, and
OGT levels compared with the high osmotic group (5.5 mM
glucose + 19.5 mM mannose), however, significant change was
not observed in OGA (Fig. 2B). We hypothesized this effect was
mediated by the HBP, thus, the cells were then treated with 6-
diazo-5-oxo-1-norleucine (DON) [17], an inhibitor of the key
enzyme glutamine fructose-6-phosphate aminotransferase (GFAT),
and glucosamine (GIcNH;), a downstream substance of GFAT, as
activators [18]. Results showed that DON hindered O-
GIcNAcylation levels by inhibiting the HBP pathway (Fig. 2C), and
GIcNH; increased O-GIcNAcylation levels in a concentration-
dependent manner (Fig. 2D). Thus, we speculated that elevated
levels of secretory O-GlcNAc modification was caused by GLUT1-
mediated HBP. This hypothesis was confirmed by elevated GFAT
in the human endometrium (Fig. 2A). Furthermore, we developed
pregnant mouse models and validated the uterine window of
implantation using Hoxal0 (Fig. 2E), a promising candidate for
measuring endometrial receptivity [19,20]. Results showed the
expression of GLUT1, GFAT (Fig. 2F), and glycogen (Fig. S2B) was
increased during D3-D5.
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Fig. 1. O-GIcNAcylation affects cell function and pregnancy outcomes. (A). O-GlcNAcylation levels in human endometrial tissue were analyzed by IHC (n = 20; scale
bar = 25 um). (B). WB analysis of O-GlcNAcylation levels in HEC-1A, AN3-CA, RL95-2 and Ishikawa cells. (C). Cell proliferation assay of siOGA-treated HEC-1A and siOGT-
treated RL95-2 cells by CCK-8 kit (n = 3). (D-E). Cell migration (D) and invasion (E) in siOGA-treated HEC-1A and siOGT-treated RL95-2 cells by Transwell assay (scale
bar = 100 um; n = 3). (F). The adhesion assays of JAR cells to siOGA-treated HEC-1A and siOGT-treated RL95-2 cells (scale bar = 100 um; n = 3). (G1). Effect of OGT knockdown
on implantation rate with a photograph showing typical mouse uterus at D7 of pregnancy. (G2). The implanted embryo ratio in each horn was analyzed (n = 6). (H). The qPCR
analysis of OGT mRNA in human endometrial tissue samples from induced abortions and spontaneous abortions (normalized to B-actin, n = 10). Error bars represent the

mean * standard deviation. Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001.

O-GIcNAcylation regulates metabolic reprogramming

We hypothesized that O-GlcNAcylation can be used as an
important regulator of endometrial glucose metabolism during
embryo implantation. To test this hypothesis, extracellular acidifi-
cation rate (ECAR, approximate glycolysis) was measured. As
expected, ECAR was affected by O-GlcNAcylation (Fig. S3A). Fur-
thermore, alloxan [21] and PUGNAc [22], inhibitors of OGT and
OGA, respectively, affected cellular O-GlcNAcylation levels
(Fig. S3B) and regulated ECAR (Fig. 3A). Notably, downregulation
of 0-GlcNAcylation increased the oxygen consumption rate (OCR)
(approximate aerobic respiration) in cells (Fig. S3C). Potentially,
O-GlcNAcylation acts as an induction regulator to control the bal-
ance between glycolysis and the TCA cycle. To further confirm
the changes in glycolysis, the effect of O-GlcNAcylation on isotope
13C-labeled metabolites was analyzed using LC-MS. The metabolic
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profiles of PUGNAc-treated cells showed a general increase in gly-
colysis, PPP, and HBP metabolites (Fig. 3B) and a decrease in TCA
cycle metabolites (Fig. 3C), a typical Warburg effect. The regulation
of O-GlcNAcylation by alloxan- and PUGNAc-treated cells also
affected the lactate levels (Fig. S3D). In addition, the lactate
(Fig. 3D) and ATP (Fig. 3E) levels were increased in the secretory
phase of human endometrial tissue. These results indicated that
0O-GlcNAcylation might participate in the endometrial change by
regulating glycolytic metabolism.

O-GIcNAcylation regulates GLUT1 and AQP3 based on transcriptome
analysis

To study the main regulatory pathways inhibiting OGT and
explain the regulation of O-GlcNAcylation in metabolic reprogram-
ming, transcriptome-sequencing analysis of siOGT-treated cells
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(A). GLUT1, GFAT in human endometrial tissues were analyzed by IHC (n = 20; scale

bar = 25 pm). (B). HEC-1A and RL95-2 cells treated with glucose (5.5 mM, 15 mM, 25 mM, 5.5 mM glucose + 19.5 mM mannitol as high osmotic control) for 48 h. The levels of
0-GlcNAcylation, GLUT1, OGA, and OGT were analyzed by WB (n = 3; *vs.5.5 mM Glc + 19.5 mM Man). (C). HEC-1A and RL95-2 cells were exposed to 5.5 mM, 25 mM glucose,
with or without DON (50 mM) for 48 h. WB was used to analyze O-GlcNAcylation levels (n = 3). (D). HEC-1A and RL95-2 cells were treated at different glucosamine
concentrations (0.01, 0.1, 0.5 mM) for 48 h. WB was used to analyze O-GlcNAcylation levels (n = 3; *vs.0 mM GIcNH,). (E). The qPCR analysis of Hoxa10 mRNA in the uteri of
mouse D1-D5 (normalized by Gapdh; n = 3; *vs.D1). (G). IHC analysis of GLUT1, GFAT in the uteri of mouse D1-D5 (Scale bar = 25 um; n = 3). Error bars represent the
mean * standard deviation. Student’s t-test, One-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001.

was performed. Among the 26,429 identified transcripts, 1,587
were upregulated and 2,266 were downregulated (Fig. 3F). To
determine whether these genes were associated with metabolic
reprogramming, Gene Ontology (GO) analysis was performed. GO
results showed that most of the regulated genes belonged to the
categories of ribosomal metabolism, nucleotide biosynthesis,
energy metabolite biosynthesis, and protein stabilization
(Fig. S4A). The enrichment analysis using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways showed that regulated
genes were involved in the pathway of central carbon metabolism
(Fig. 3G), the first step in glucose utilization. Therefore, the GLUTs
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(encoded by the SLC2 gene), which are responsible for glucose
intake into the cell, were further investigated. Among the SLC2
family transcripts, SLC2A1 showed the most significant downregu-
lation based on sequencing (Fig. 3H), and the regulatory effects of
O-GIcNAcylation on GLUT1 were verified based on siRNAs
(Fig. S4B).

0-GIcNAc modification of key enzymes (PFK1, PKM2) of glycol-
ysis has been documented to inhibit their activity [23,24]. In the
present study, elevated O-GlcNAcylation increased the glycolysis
level which may be due to the effect of O-GlcNAcylation on GLUT1
(Fig. 3H). In previous studies, hypoxia-inducible factor-1a and c-
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Myc were shown to mediate GLUT1 expression [23,25]. The regu-
lation of GLUT1 by O-GIcNAcylation may be achieved through
c-Myc (Fig. S4C). Furthermore, alloxan and PUGNAc regulated
cellular glucose uptake (Fig. 3I). As expected, GLUT1 deficiency
reduced glycolysis levels (Fig. S4D) and affected the implantation
ratio in vivo when injecting siRNA into the uterine horn, which
was demonstrated in our previous study [26]. In addition, evidence
exists that AQPs (which are involved in the transport of small
molecular substances such as water and glycerol) participate in
energy metabolism and the proliferation of tissue cells by mediat-
ing glycerol transport [27-29]. In the present study, among the
AQP family members, only AQP3 was significantly downregulated
based on sequencing (Fig. 3]), which was confirmed using siRNAs
(Fig. S4B). These results indicated that AQP3 may also be involved
in the regulation of glycolysis.

AQP3 provides compensation for glycolytic metabolism

In comparison, glucose and activation or inhibition of the HBP
pathway affected AQP3 expression (Fig. S5A, B), indicating that
AQP3 was associated with glucose metabolism. Glycerol is also
used as an important intermediate for glucose and lipid metabo-
lism. Notably, the glycerol content was increased in the secretory
phase of human endometrial tissue (Fig. 4A). To further determine
the effects of AQP3 on glycolysis and the role of glycerol, glycerol
was added to the cell medium. Regulation of O-GIcNAcylation
affected the intracellular glycerol content (Fig. 4B), indicating that
glycerol may enter the cell via AQP3. Furthermore, the AQP3
expression in RL95-2 cells was higher than in HEC-1A cells
(Fig. 4C). The ECAR measurement results revealed that glycerol
increased the glycolysis level, indicating that glycerol supported
glycolysis (Fig. 4D). In addition, glycerol kinase (GYK) expression
in the secretory phase of endometrial tissue was higher (Fig. 4E).
Similar results were observed in pregnant mouse models during
D3-D5 (Fig. 4F). Therefore, glycerol was transported into the cell
via AQP3 and catalyzed by GYK to dihydroxyacetone phosphate
to enter the glycolytic metabolic pathway.

Notably, glycerol also increased glycolysis levels in AQP3-
downregulated RL95-2 cells (Fig. 4D), indicating this transport
route is not unique and that other AQPs may be involved. In addi-
tion, the number of implanted embryos in the uteri of mice
injected with AQP3 siRNA was slightly lower (approximately 0.7-
fold) than in the control group (Fig. 4G). Therefore, AQP3 deletion
likely affected normal embryo implantation but was not as detri-
mental to pregnancy outcome as OGT. However, the regulation of
AQP3 also affected glycolysis levels without glycerol (Fig. 4D). Fur-
thermore, AQP3 overexpression promoted 2-NBDG uptake and
downregulation of AQP3 inhibited 2-NBDG uptake, indicating that
modulation of AQP3 affects intracellular uptake of glucose (Fig. 4H)
which may also be associated with c-Myc-mediated GLUT1. As
expected, AQP3 regulation affected the c-Myc and GLUT1 expres-
sion (Fig. 4I). Overall, AQP3 supported glycolytic metabolism
through intracellular transport of glycerol and increased GLUT1
expression, thus providing energy compensation for physiological
changes of endometrial cells.

0O-GIcNAcylation of SP1 promotes the AQP3 expression

The above evidence showed that AQP3 is involved in the effect
of O-GlcNAcylation on glycolysis, and the specific mechanism by
which O-GIcNAcylation regulates AQP3 requires further elucida-
tion. Consequently, we predicted from multiple databases that
SP1, E2F1, and nuclear factor (NF)-kB transcription factors might
bind to the AQP3 promoter region. The downregulation of SP1
and E2F1 reduced AQP3 mRNA in Hela cells (Fig. 5A). Subsequent
dual-luciferase assays showed that downregulation of SP1 expres-
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sion decreased fluorescence activity, however, downregulation of
E2F1 did not cause a significant difference (Fig. 5B). The range of
promoters that bound to SP1 (containing two specific binding sites,
Fig. 5C) were identified and validated using chromatin immuno-
precipitation (ChIP) experiments (Fig. 5D). In addition, high glucose
increased SP1 and AQP3 expression, however, AQP3 was not signif-
icantly increased in the SP1-deficient group (Fig. S6A-C), further
indicating that SP1 specifically binds to the AQP3 promoter region.

SP1 was modified by O-GIcNAc and was predicted to have mul-
tiple putative O-GlcNAcylation sites based on database analysis
[17,30]. Our IP results confirmed that inhibitors affected SP1 O-
GIcNAcylation levels (Fig. 5E). Alloxan inhibited the nuclear
translocation of SP1, and this inhibition was restored by PUGNAc
(Fig. 5F). Furthermore, similar results were observed when the
cytoplasm and nuclei of cells were separated (Fig. 5G). To deter-
mine whether the O-GlcNAcylation of SP1 residues affects AQP3
expression, these residues were mutated to alanine to produce a
SP1 mutant (eGFP)-SP1-MT plasmid (schematic, Fig. 5H). IP assays
showed the O-GIcNAcylation levels of SP1-MT were reduced
(Fig. 5I), and low residual O-GlcNAcylation levels were observed,
which may be due to the endogenous SP1. Thus, endogenous SP1
was eliminated using siRNA before transfecting cells with SP1-
MT and wild-type (WT) constructs. Results showed that SP1-MT
reduced AQP3 expression compared with WT (Fig. 5]). In addition,
similar results were obtained when HEC-1A cells were exposed to
different glucose concentrations (Fig. S6D). Therefore, the O-
GlcNAcylation of SP1 regulated AQP3 expression.

The O-GIcNAcylation of SP1 at the S491 site affects its stability

Inhibition or activation of the HBP also affected SP1 expression
(Fig. S5A, B) likely due to O-GIcNAcylation of SP1. Downregulation
of O-GIcNAcylation levels revealed a significant decrease in the SP1
protein level (Fig. 6A). Notably, the SP1 mRNA level was not consis-
tent with its protein level (Fig. 6B). Furthermore, OGT knockdown-
mediated SP1 downregulation was confirmed using alloxan, and
PUGNAC upregulated SP1 protein level, demonstrating this is not
an off-target effect (Fig. 6C). Therefore, O-GlcNAcylation likely reg-
ulates the stability of SP1 through a post-transcriptional mecha-
nism. To detect whether the downregulation of O-GlcNAcylation
levels alters the stability of SP1, OGT-knockdown RL95-2 cells were
treated with cycloheximide (CHX) to inhibit protein synthesis, and
residual SP1 was chased. SP1 protein levels decreased to approxi-
mately 80% in the control group and approximately 46% in the
OGT downregulated group (Fig. 6D). Similar results showed the
SP1 protein levels decreased from 83% in the control group to
34% in the alloxan-treated group (Fig. 6E).

The above results showed the importance of O-GlcNAc modifi-
cation for maintaining SP1 stability. To explore the degradation
pathway of SP1, RL95-2 cells were treated with a proteasome inhi-
bitor, MG132. Inhibition of the proteasome degradation pathway
reversed the inhibition of SP1 expression (Fig. 6F), indicating that
the regulation of SP1 protein level by O-GlcNAcylation is a
proteasome-mediated process. To further determine which residue
of O-GIcNAcylation is critical for its stability, six putative sites were
mutated to alanine (54914, S612A T640%, S641%, S698", S702%).
Results showed all mutants increased the SP1 mRNA level com-
pared with the vector group (Fig. 6G). However, S491% did not
increase but decreased AQP3 mRNA levels compared with WT
(Fig. 6H), and similar results were observed at the protein level
(Fig. 61). Furthermore, S491* significantly inhibited cell prolifera-
tion (Fig. 6]) and glycolysis levels (Fig. 6K). In summary, the results
showed O-GlcNAcylation at putative S491 affects the stability of
SP1 and the transcription of AQP3.
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Fig. 4. AQP3 provides compensation for glycolytic metabolism. (A). Glycerol content was measured in human endometrial tissues (n = 20). (B). Glycerol content was
measured in siOGA-treated HEC-1A cells or siOGT-treated RL95-2 cells (n = 3). (C1). WB analysis of AQP3 protein, and the qPCR analysis (C2) of AQP3 mRNA in HEC-1A and
RL95-2 cells (normalized by B-actin; n = 3). (D). The ECAR in HEC-1A cells with empty vector, over-AQP3, over-AQP3 + glycerol (26 mM) treatments, and RL95-2 cells with
empty vector, short hairpin RNA (sh)-AQP3, and sh-AQP3 + glycerol (26 mM) treatments (n = 3). (E). IHC analysis of GYK in human endometrial tissue (scale bar = 25 pm,
n = 20). (F). IHC analysis of GYK expression in the uteri of mouse D1-D5 (scale bar = 25 um, n = 3; *vs. D1). (G1). Effect of AQP3 knockdown on implantation rate with a
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plasmids. (n = 3; *vs. NC). Error bars represent the mean + standard deviation. Student’s t-test, One-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001.

Discussion

A series of biological changes in the endometrium during
embryo implantation inevitably depend on the supply of energy,
and glucose metabolism is important in life processes of cell
energy and material sources. In previous studies, adequate glucose
uptake and metabolism were shown necessary for proper differen-
tiation of the endometrium into the receptive state that supports
embryo implantation [31]. Activated glucose metabolism promotes
human decidualization [32]. Furthermore, enhanced glycolytic
activity in the decidua of rodents has been verified [8,9]. However,
evidence indicates that various pregnancy complications in
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humans are associated with abnormal glucose metabolism in the
uterus, which may be the cause of poor fertility in some patients
[31,33,34]. GLUT1 expression in endometrial stromal cells in
patients with idiopathic infertility is reduced, indicating impaired
glucose metabolism [35]. In addition, epithelial-mesenchymal
transition (EMT) is involved in the opening of the epidermis after
embryo attachment, and epithelial cell movement is inextricably
dependent on the supply of energy [36,37]. In our two previous
studies, AQP3 was shown to mediate ezrin remodeling and
cytoskeletal rearrangement, affecting epithelial cell motility and
participating in EMT [38]. Progesterone regulates glucose metabo-
lism of endometrial cells through GLUT1 and affects endometrial
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Fig. 5. The expression of AQP3 was upregulated by the O-GlcNAcylation of SP1. (A). qPCR analysis of AQP3 mRNA in HeLa cells transfected with siRNAs to SP1, E2F1, and NF-
kB transcription factors, respectively (normalized by B-actin; n = 3). (B1). Schematic diagram of AQP3 promoter-driven luciferase reporter. (B2). A luciferase reporting system
evaluated the targeting effects of HeLa cells after co-transfection with AQP3 promoter plasmids, siRNA, and scramble sequence molecules (n = 3; ns = no significant
difference). (C1). Partial AQP3 promoter sequence, S1, containing predicted binding sites (two red-labeled specific binding sites). (C2). Schematic diagram of S1-driven
luciferase reporter. (C3). Luciferase reporting system evaluated the targeting effects of HeLa cells after co-transfection with AQP3 promoter plasmids and over-SP1 plasmids
or SP1 siRNA (n = 3). (D). ChIP analysis showed that the S1 sequence was pulled down by the anti-SP1 antibody. (E). The O-GlcNAcylation level was detected by WB after IP
with anti-SP1 antibody in PUGNAc-treated HEC-1A cells and alloxan-treated RL95-2 cells. (F). HEC-1A cells were treated with PUGNAc and RL95-2 cells with alloxan. IF
staining was performed by anti-SP1 and anti-O-GIcNAc (scale bar = 25 um). (G). PUGNAc-treated HEC-1A and alloxan-treated RL95-2 cells were collected and fractionated
into non-nuclear and nuclear fractions. SP1, p-actin, and lamin B1 proteins were detected by WB. (H). Schematic diagram of SP1 showing putative O-GIcNAc target residues
that were mutagenized to alanine to generate eGFP-SP1-MT or eGFP-SP1-WT plasmids. (I). O-GlcNAcylation and SP1 levels were detected by WB after IP with anti-SP1
antibody in HEC-1A cells transfected with eGFP-SP1-MT or eGFP-SP1-WT plasmids (n = 3). (J). HEC-1A cells were transfected with siRNA targeting endogenous SP1 and, 24 h
later, with expression plasmids for eGFP-SP1-MT and eGFP-SP1-WT. After an additional 48 h, SP1 and AQP3 proteins were then detected by WB (n = 3). Error bars represent
the mean * standard deviation. Student’s t-test, One-way ANOVA, *P < 0.05, **P < 0.01.

receptivity [26], which indirectly implies the influence of energy
metabolism/glycolysis on embryo implantation.

0-GIcNAc modification has been shown to significantly con-
tribute to the regulation of cellular biological processes, and its role
in regulating cellular metabolism has not been elucidated to date.
In the present study, O-GIcNAcylation was shown involved in the
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regulation of endometrial cell function during the window of
implantation, which might ensure endometrial receptivity and
affect pregnancy outcome. A common phenomenon in cancer and
other proliferating cells is the high rate of glucose depletion and
production of lactic acid, known as the Warburg effect. These
metabolic changes enable cells to obtain enough biological materi-
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Fig. 6. The O-GlcNAcylation of SP1 at S491 affects its stability. (A). WB analysis of OGT, O-GlcNAcylation, and SP1 in siOGT RL95-2 cells. (B). gPCR analysis of OGT, and SP1
mRNA in siOGT RL95-2 cells (normalized by B-actin; n = 3; ns = no significant difference). (C). WB analysis of O-GlcNAcylation and SP1 in PUGNAc-treated HEC-1A and
alloxan-treated RL95-2 cells. (D). RL95-2 cells were transfected with scrambled siRNA or siOGT for 48 h and subsequently treated with CHX (100 pM). WB analyzed OGT and
SP1 proteins (n = 3). (E). RL95-2 cells were treated with DMSO control or 10 mM alloxan for 48 h and subsequently treated with CHX (100 uM). WB analyzed OGT and SP1
proteins (n = 3). (F). RL95-2 cells were transfected with NC or siOGT and were then treated with MG132 (10 uM) for 24 h. WB analyzed the OGT and SP1 (n = 3). (G-H). Sp1 (G),
and AQP3 (H) mRNA levels were analyzed by qPCR in HEC-1A cells transfected with S491%, S612%, T640", S641%*, S698", S702*, WT, and vector plasmids (normalized by p-
actin; n = 3; *vs. vector; #vs. WT, # P < 0.05). (I). SP1 and AQP3 protein levels were analyzed by WB in HEC-1A cells transfected with S491*, S612*, T640", S641%, S698", S702%,
WT, and vector plasmids. (J). Cell proliferation was measured by CCK-8 kits in HEC-1A cells transfected with $491%, WT, and vector plasmids (n = 3). (K). ECAR of the cells was

measured in HEC-1A cells transfected with S491*, WT, and vector plasmids (n = 3). (L).

A graphic model of O-GIcNAcylation coordinates glycolysis through GLUT1 and AQP3.

Error bars represent the mean # standard deviation. Student’s t-test, One-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001.

als for proper growth and differentiation to better respond to
physiological needs [39,40]. Evidence shows that Warburg-like
glycolysis exists in the decidualization of the endometrium [41].
In the present study, increased lactate, ATP in the secretory phase,
and further enhanced cellular glycolysis were observed, indicating
the Warburg-like glycolysis may also exist during the physiological
change from proliferative to secretory endometrium in a receptive
state and this metabolic reprogramming is regulated by 0-GIcNAc
modification.

Recently, phosphofructokinase 1 (PFK1) during glycolysis, and
pyruvate kinase M2 (PKM2), which catalyzes the final glycolysis
reaction, were reportedly modified by O-GIcNAc (i.e., O-
GIcNAcylation inhibited their activity) [23,24], redirecting glucose
metabolism to the anabolic pathway to meet the high biosynthetic

demands of cells. In the present study, increased overall O-GIcNAc
modification levels did not inhibit glycolysis but promoted it, and
the limiting effect on glycolysis caused by O-GlcNAcylation of the
enzymes could be counteracted by increased intracellular uptake
of glucose. O-GIcNAcylation regulated glucose intake and con-
sumption by inducing the c-Myc-mediated expression of the
glycolysis-related regulator, GLUT1, which was consistent with
the study by Wang et al. [23]. Although increased O-
GlcNAcylation levels inhibited the activity of glycolysis-
associated enzymes, it also promoted the intake of glucose by
increasing GLUT1 expression, thus maintaining a higher energy
supply demand for physiological changes in cells.

Transcriptome analysis also revealed O-GlcNAcylation regulates
AQP3 expression, a member of the aquaglyceroporin family. Glyc-
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erol is an important intermediate of glucose and lipid metabolism.
Verkman et al. showed that lack of AQP3 in mice led to the slow
proliferation of colonic epithelial cells due to insufficient glycerol
and a low energy supply [28]. AQP7 is dynamically expressed dur-
ing the decidualization of mouse endometrial cells, which leads to
the accumulation of glycerol [27]. In the present study, endome-
trial glycerol aggregated in the secretory phase and AQP3 pro-
moted intracellular glycerol transport and increased GYK,
indicating glycerol is catalyzed to glycerol triphosphate and enters
the glycolytic pathway, which may compensate for the glycolytic
metabolism of endometrial cells during embryonic implantation
to ensure adequate energy supply. Notably, AQP3 was found to
affect glycolysis levels without glycerol as a substrate. Further-
more, AQP3 regulated glucose intake by inducing GLUT1 expres-
sion mediated by c-Myc, which provides a possible explanation
for the observed phenomenon. Generally, although O-
GIcNAcylation could redefine glucose metabolism to divert to the
PPP and HBP, other pathways compensate for glycolysis, thus coor-
dinating the overall physiological response of the cells. However,
whether O-GlcNAc modification is involved in the metabolic
changes during decidualization warrants further investigation.

To further elucidate the regulatory mechanism of O-GlcNAc
modification regarding AQP3, SP1 was shown to specifically bind
to the AQP3 promoter region to regulate AQP3 expression, and
SP1 was explicitly modified by O-GlcNAc. In addition, the regula-
tion of AQP3 by SP1 was influenced by its O-GlcNAcylation of
S491. Notably, except for the S491 site, the remaining sites can
be either modified by O-GlcNAc or phosphorylated. This peculiarity
may be associated with the extensive crosstalk between O-
GlcNAcylation and phosphorylation through the mutual inhibition
of the same or adjacent residues [1,42], which warrants further
investigation.

Conclusion

A series of biological changes in the endometrium during
embryo implantation is closely associated with human fertility,
and these changes are dependent on metabolic changes. In general,
0-GIcNAc modification reprogramed metabolism to shunt toward
the PPP and HBP during the window of implantation and compen-
sated for glycolysis through GLUT1-mediated glucose intake and
AQP3-mediated intracellular transport of glycerol (Fig. 6L), thus
maintaining the physiological needs of the endometrium and reg-
ulating the receptive state of the endometrium. Therefore, the
results of the present study provide new insights into the patho-
genesis of metabolic disorders affecting human reproductive
health.
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