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Abstract: Objective: To investigate the impact of hypoxia on microRNA (miRNA) expression profiles in endometrial
glandular epithelial cells (EECs) and elucidate potential mechanisms underlying proliferation, migration, and inva-
sion. Methods: EECs in the logarithmic growth phase were exposed to normoxic (21% oxygen) and hypoxic (1% oxy-
gen) conditions. MiRNA expression profiles were analyzed using RNA sequencing, and differential expression of hsa-
miR-584-3p was confirmed by real-time quantitative PCR (RT-qPCR). Target prediction through TargetScan identified
Dickkopf-1 (DKK-1) as a target gene of hsa-miR-584-3p. The interaction between hsa-miR-584-3p and DKK-1 was
validated through a double-luciferase reporter gene assay and Western blotting. Cell proliferation, migration, and
invasion were assessed using the Cell Counting Kit-8 (CCK-8) assay, wound healing assay, and Transwell invasion
assay, respectively. Results: Hypoxic conditions significantly upregulated the expression of hsa-miR-584-3p in EECs
(P<0.001). TargetScan analysis predicted DKK-1 as a downstream target of hsa-miR-584-3p. The double-luciferase
reporter gene assay confirmed the binding of hsa-miR-584-3p to the 3’ untranslated region of the DKK-1 gene,
leading to reduced DKK-1 protein expression (P<0.001). Functional assays demonstrated decreased proliferation
and increased migration and invasion of EECs under hypoxia. Conclusion: Hypoxia-induced upregulation of hsa-miR-
584-3p suppresses the function of EECs by targeting DKK-1 protein activity, thereby influencing their proliferation,
migration, and invasion.
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Introduction

Endometrial repair and angiogenesis are tightly
regulated processes under hypoxic conditions.
Various hypoxia-related markers, including
hypoxia-inducible factor-1a (HIF-1a), vascular
endothelial growth factor (VEGF), and interleu-
kin-8 (IL-8, also known as CXCLS8), have been
identified in both preclinical models and human
endometrial tissues [1]. These markers are
associated with conditions such as endometri-
osis, endometrial cancer, thin endometrium,
and repeated implantation failure [2]. Hypoxia
triggers a physiological stress response that
enhances cell proliferation, differentiation,
migration, and proangiogenic capacity to facili-
tate repair at hypoxic injury sites. However, the

hypoxic microenvironment can also lead to
malignant transformation, activation of proto-
oncogenes, and the development of cancerous
lesions [2].

Despite extensive research, the molecular
mechanisms underlying the involvement of
endometrial glandular epithelial cells (EECs) in
endometrial injury and repair within a hypoxic
milieu remain elusive.

Noncoding microRNAs (miRNAs) are endoge-
nous, highly conserved RNA molecules approxi-
mately 20-25 nucleotides in length. They serve
as crucial gene regulators, maintaining intracel-
lular gene and protein homeostasis. MiRNAs
play diverse roles in cellular processes, includ-
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ing migration, proliferation, invasion, apoptosis,
and differentiation, and are implicated in vari-
ous diseases [3]. Research has shown that
hypoxic conditions trigger cells to release
numerous microRNAs (miRNAs) involved in sig-
naling processes such as cell migration, apop-
tosis, proliferation, and invasion [4]. Specifically,
miR-584-5p/-3p has been identified as regula-
tors of migration and invasion in non-small
cell lung cancer and liver cancer cells [5, 6].
Additionally, Shuilin et al. [7] described how
MYC-regulated LINCOO607 enhances prolifera-
tion, migration, and invasion of hepatocellular
carcinoma cells through the miR-584-3p/
ROCK1 axis. Conversely, Jun et al. [8] found
that miR-584 inhibits invasion and migration in
thyroid carcinoma by targeting the oncogene
ROCK1, illustrating the diverse roles of miR-
584 across different cell types.

Dickkopf-1 (DKK-1), an inhibitor of the Wnt/[3-
catenin signaling pathway, is primarily secreted
by osteoblasts and osteocytes [9]. DKK-1 dis-
rupts cell proliferation and differentiation by
competitively binding to LRP5/6 proteins,
thereby inhibiting their interaction with Wnt pro-
teins, which affects cell growth, apoptosis, and
invasion processes and plays a role in verte-
brate developmental pathways related to the
Wnt signaling [10]. Within the female reproduc-
tive system, DKK-1 is known to inhibit the self-
renewal and proliferation of endometrial mes-
enchymal stem cells [11] and is linked to endo-
metriosis [12]. Research suggests that DKK-1's
effect on cell proliferation and invasion can
vary significantly depending on the physiologi-
cal environment [13, 14].

This study aims to determine if a hypoxic envi-
ronment alters miRNA expression profiles in
EECs, affects DKK-1 expression, and thereby
influences the cytological functions of EECs,
contributing to our understanding of gene-level
responses in endometrial hypoxia injury.

Materials and methods
Cell lines

The EECs (CM-HO58) and human embryonic
kidney cells (HEK-293T cells; CL-0005) used in
the experiment were purchased from Wuhan
Procell Biologics.
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Main reagents and instruments

This study employed a range of reagents includ-
ing EEC primary cells and supporting medium
(Wuhan Procell Biologics), Dulbecco’s Modified
Eagle Medium (Gibco, USA), fetal bovine
serum (Gibco, USA), 0.25% trypsin, TRIzol and a
TRIzol RNA Extraction Kit (Sigma, USA), Opti-
MEM (Invitrogen, USA), 5x Reverse Trans-
criptase M-MLV, RNase inhibitor (TakaRa Co.,
Ltd., Japan), 2x Mltra Master Mix, dithiothreitol
(DTT), RNase-free water, deoxynucleotide tri-
phosphates (dNTPs; China Kangwei Century
Co., Ltd.), primers (Shanghai Biotech Co., Ltd.),
and JETPRIM Transfection Reagent (Polyplus).
Antibodies used included rabbit anti-glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH)
and rabbit anti-B-catenin (Abcam, USA).

The laboratory was equipped with a BX19-
HK830 inverted phase contrast microscope
(Shenzhen Osmicro Optical Instrument Co.,
Ltd.), a 7500 Fast Real-Time PCR System
(Applied Biosystems, USA), a CO, cell culture
incubator, a VeritiProTM gradient thermal cycler,
a Microl7R high-speed refrigerated centrifuge,
a Multiskan™ FC microplate reader (Thermo
Fisher Scientific, USA), a luciferase detector
(Bio-Rad), and an SC-2546 laboratory desk-
top low-speed centrifuge (Zhongke Zhongjia
Scientific Instrument Co., Ltd.).

Cell proliferation, migration, and invasion were
quantified using 24-well Transwell inserts
(Corning, USA) and a Cell Counting Kit-8 (CCK-
8, Sigma, USA).

EEC culture

Primary EECs (Wuhan Procell Biologics,
CM-HO58) were isolated and cultured using
specialized growth media, which included fetal
bovine serum, growth additives, and penicillin-
streptomycin. Upon reaching 80%-90% conflu-
ency, the cells were trypsinized with 0.25%
trypsin and subcultured. The control group was
maintained under normoxic conditions (21%
oxygen), while the experimental group was sub-
jected to hypoxic conditions (1% oxygen) [15].

RNA-sequence to analyze changes in miRNAs

For RNA sequencing, EECs in the logarithmic
growth phase were harvested and seeded into
six-well plates at a density of 3x10° cells/well,
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Table 1. Real-time quantitative PCR primer sequences

Primer Sequence (5'—3’)
snoRNA202 Upstream primer:  ACACTCCAGCTGGGGCTGTACTGACTTGATG

RT primer: CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCATCAGAT
miR-584-3p Upstream primer: TGGGATATGTCAGTTCCAGG

RT primer: GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGCCTG
URP-R TGGTGTCGTGGAGTCG

with three replicates per group. After 24 hours
under respective conditions, cells were collect-
ed into Eppendorf tubes (1x10° cells/tube).
Total RNA was extracted using the TRIzol RNA
Extraction Kit. BaseCare Co., Ltd. conducted
the sequencing and generated a heatmap to
illustrate the miRNA expression profiles.

Real-time quantitative PCR analysis of hsa-
miR-584-3p expression

EECs in logarithmic growth were seeded into
six-well plates at 3x10° cells per well and cate-
gorized into normoxia and hypoxia groups with
three replicates each. After culturing for 12, 24,
36, or 48 hours, two sets of EECs were collect-
ed into Eppendorf tubes (1x10° cells per tube).
Total RNA was extracted using the TRIzol RNA
Extraction Kit, and 2 yg of RNA was reverse
transcribed into complementary DNA (cDNA).
The reverse transcription utilized two systems:

System A: Comprising miRNA-RT, Sno-202 RT,
and dNTPs, incubated at 70°C for 10 minutes.

System B: Consisting of 4 ul of 5x M-MLV buf-
fer, 1 yl of M-MLV (200 U/ul), 1 pl of RNase
inhibitor (40 U/ul), and 2 yl of DTT (0.2 mmol/L),
incubated at 42°C for 60 minutes followed by
70°C for 15 minutes.

The expression levels of hsa-miR-584-3p were
quantified using real-time quantitative PCR
(RT-gPCR). The RT-gPCR setup included:

Reaction Mix: 1 pl of ¢cDNA, 1 pl each of
upstream and downstream primers (10 umol/L,
as listed in Table 1), 10 pl of Master Mix, and 8
ul of RNase-free water.

Thermocycling Conditions: Initial denaturation
at 95°C for 10 minutes, followed by 40 cycles
of 95°C for 15 seconds, 60°C for 1 minute, and
a final extension of 95°C for 15 seconds; 60°C
for 1 minute; and 95°C for 15 seconds.

2003

Relative expression levels of hsa-miR-584-3p
were calculated using the 2-AACt method, with
snoRNA202 serving as the internal control.

Dual-luciferase reporter gene assay

293T cells in logarithmic growth phase were
seeded in 24-well plates at a density of 4x10*
cells per well, with three pairs of wells per con-
dition. Cells were allowed to adhere for 18-24
hours until reaching 70%-90% confluence.
Post-adherence, cells underwent transfection.
For the luciferase assay, 100 ul of each sample
was mixed with 100 pl of luciferase assay
reagent to measure the relative light unit (RLU)
of firefly luciferase. Subsequently, an equal vol-
ume of sea pansy (Renilla) luciferase assay
reagent was added to each well to determine
the RLU for the reference gene. The ratio of fire-
fly to Renilla luciferase activities (reporter gene
vs. reference gene) was calculated to assess
transcriptional activity, and differences in these
ratios were compared between the normoxic
and hypoxic groups.

CCK-8 assay for analyzing cell proliferation

EECs were allocated into a control group and an
experimental group, then seeded into 96-well
plates at a density of 5x103 cells/well per well,
with three replicates for each group. The con-
trol group was cultured under normoxic condi-
tions, while the experimental group was sub-
jected to hypoxic conditions. Cell viability was
assessed at 0, 12, 24, 36, and 48 hours of
incubation. For this purpose, each well received
10 pl of CCK-8 reagent and was incubated at
37°C for 2 hours. Subsequently, absorbance at
450 nm was measured using a microplate
reader.

Scratch healing assay for determination of cell
migration

EECs were randomly allocated into normoxia
and hypoxia groups, seeded into 24-well plates
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at a density of 5x10% cells/well with three repli-
cates per group, and cultured until they reached
90% confluence. A scratch was then made hori-
zontally across the cell monolayer using a 200-
ul pipette tip. The cells were incubated further
for 12, 24, 36, and 48 hours. Scratch healing
was monitored using an inverted microscope.
Healing was quantified by measuring the
scratch distance at each time point, with
the healing rate calculated using the formula:
([0O-hour scratch distance/12-hour scratch
distance]/0-hour scratch distance x100%).

Transwell assay for assessing cell invasion

EECs were resuspended in serum-free medium
and seeded into the upper chamber of a 24-well
Transwell plate pre-coated with Matrigel, at a
density of 2x10* cells/well per well, with three
replicates per condition. A volume of 600 pl of
serum-enriched medium was added to the
lower chamber. The setup was then divided into
normoxic and hypoxic groups. After incubation
periods of 12, 24, 36, and 48 hours, the cells in
the upper chamber were fixed with a fixative
solution for 30 minutes. The chambers were
washed with phosphate-buffered saline (PBS),
and non-invading cells were gently removed
using cotton swabs. The cells that migrated to
the lower surface were stained with 0.1% crys-
tal violet and washed with PBS. The stained
cells were observed under a microscope, and
images were captured from five randomly
selected fields to quantify cell invasion. The
average invasion rate was calculated and
reported.

Western blotting analysis of DKK-1 protein ex-
pression

EECs were seeded into six-well plates at 3x10°
cells/well with three replicates for each condi-
tion. The control group was maintained under
normoxic conditions, while the experimental
group was subjected to hypoxia for 2, 4, 6, and
8 hours. Cells were lysed and incubated for 30
minutes to extract proteins. The protein con-
centration was determined using the bicincho-
ninic acid method. Proteins (10 pg) were sepa-
rated on a polyacrylamide gel and transferred
to a polyvinylidene fluoride (PVDF) membrane
using constant-pressure electrophoresis at 90
V. The membrane was blocked with 5% non-fat
milk for 1 hour, followed by overnight incuba-
tion at 4°C with rabbit monoclonal antibodies
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against GAPDH and DKK-1. A goat anti-rabbit
secondary antibody was applied for 2 hours,
and protein bands were visualized using appro-
priate color development techniques. The
expression levels of the target proteins were
then analyzed using an imaging system.

Statistical analysis

Data were plotted and analyzed using GraphPad
Prism software (version 7.00). Results were
expressed as mean * standard error of the
mean. Differences between groups were evalu-
ated using repeated-measures ANOVA or a
t-test, with significance set at P<0.05.

Results

Differential expression of miRNAs in EECs in
hypoxic environments

EECs were cultured under normoxic (21% oxy-
gen) and hypoxic (1% oxygen) conditions. RNA
sequencing was conducted to evaluate chang-
es in miRNA profiles under hypoxic conditions.
Notably, the expression of hsa-miR-584-3p
increased during hypoxia (Figure 1), indicating
that hypoxic stress alters miRNA expression in
EECs.

Hypoxia upregulates hsa-miR-584-3p in EECs

To further investigate miRNA expression in
hypoxic conditions, RT-gPCR was employed to
measure hsa-miR-584-3p levels. We observed
a significant increase in hsa-miR-584-3p ex-
pression in EECs subjected to hypoxia, which
intensified over the culture duration of 12, 24,
36, and 48 hours (Figure 2). This suggests that
the expression of hsa-miR-584-3p is influenced
by the duration of hypoxic exposure.

EEC proliferation is inhibited under hypoxia

Hypoxia can induce cell growth arrest; thus, we
utilized a CCK-8 kit to assess EEC proliferation
under both normoxic and hypoxic conditions.
The CCK-8 assay, based on the analysis of the
450-nm optical density, revealed that EEC pro-
liferation increased over time under both condi-
tions. However, no significant difference in pro-
liferation was observed between the two groups
at 24 hours. By 36-48 hours, the proliferative
capacity of the EECs in the hypoxic group was
significantly reduced compared to the control
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Figure 1. miRNA expression profiles in endometrial
glandular epithelial cells (EECs) across varying oxy-
gen concentrations.
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Figure 2. Differential expression of hsa-miR-584-3p
in endometrial glandular epithelial cells (EECs) un-
der normoxic and hypoxic conditions at multiple time
points. ***P<0.001, ****P<0.0001.

group (P<0.05), indicating that prolonged hy-
poxic conditions inhibit the proliferative ability
of EECs (Figure 3).

EEC migration is significantly enhanced under
hypoxia

The scratch healing assay revealed no signifi-
cant differences in EEC mobility between hy-
poxic and normoxic conditions before 24 hours.
However, at 36 and 48 hours, EEC migration in
the hypoxia group significantly exceeded that
under normoxic conditions (P<0.05), indicating
that hypoxia enhances EEC migration (Figure
4).

EEC invasion was significantly enhanced under
hypoxia

The Transwell assay showed no significant
difference in the number of invading EECs
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Figure 3. Cell viability data from the Cell Counting
Kit-8 for endometrial glandular epithelial cells (EECs)
under normoxic and hypoxic conditions at different
time intervals. Significantly lower viability in the hy-
poxic compared to normoxic group, ****P<0.0001.

between the groups before 24 hours. Yet, at 36
and 48 hours, the invasion rates in the hypoxia
group were significantly higher than in the nor-
moxia group (P<0.05), suggesting that hypoxia
increases EEC invasion (Figure 5).

A hypoxic environment causes a decrease in
DKK-1 expression in EECs

Analysis using TargetScan (www.targetscan.
org) revealed that hsa-miR-584-3p potentially
targets the 3’ untranslated region (UTR) of the
DKK-1 gene, indicating that DKK-1 is a likely
target of this miRNA (Figure 6). A dual-lucifer-
ase reporter assay further confirmed that hsa-
miR-584-3p binds to six consecutive sites with-
in the 3'UTR of DKK-1, and this interaction was
abolished by mutational alterations (Figure 6A,
6B). Western blot analysis demonstrated a
decrease in DKK-1 protein levels in hypoxic
EECs compared to normoxic controls, with a
notable reduction in expression observed from
8 hours onwards, indicating continuous sup-
pression over time (P<0.05) (Figure 6C, 6D).

These results indicate that hypoxia induces the
expression of hsa-miR-584-3p in EECs, leading
to downregulation of DKK-1 protein, inhibition
of EEC proliferation, and enhancement of EEC
migration and invasion. The findings highlight
the complex regulatory mechanisms triggered
by hypoxic conditions in endometrial epithelial
cells.

Discussion

The EECs, luminal epithelial cells, mesenchy-
mal cells, and immune cells, form both the
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functional and basal layers. Prior to menstrua-
tion, the withdrawal of estrogen and progester-
one induces rhythmic and increasing spasmod-
ic contractions of the spiral arteries, leading to
hypoxia, necrosis, and detachment of the func-
tional layer. In the female reproductive cycle, a
controlled hypoxic environment is crucial for
processes such as endometrial repair, embryo
implantation, trophoblast proliferation, differ-
entiation, invasion, and fetal development [16,
17]. Conversely, dysfunctional hypoxic condi-
tions are linked to reproductive pathologies
including repeated implantation failure, embry-
onic termination, preeclampsia, endometriosis,
and endometrial cancer [18]. However, the spe-
cific effects of hypoxia on EECs and the underly-
ing mechanisms remain poorly understood.

In this study, RNA sequencing was employed to
identify differentially expressed miRNAs in
EECs under normoxic (21% oxygen) and hypoxic
(1% oxygen) conditions. Further analyses using
CCK-8, scratch healing, and Transwell invasion
assays revealed that hypoxia significantly
reduced EEC proliferation while enhancing their
migration and invasion capabilities. This regula-
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Figure 4. The mobility of endometrial glan-
dular epithelial cells (EECs) under normoxic
and hypoxic conditions measured at various
times. Scale bars: 200 uym. ****P<0.0001,
***P<(0.001, ns: no significance.

tory effect of hypoxia on cell biology mirrors
findings in other cell types and diseases;
for instance, hypoxia-induced upregulation of
NDRG1 modulates the proliferation of pulmo-
nary artery endothelial cells by targeting
TAF15, contributing to pulmonary hypertension
[19]. Additionally, dysregulation of migration in
human vascular smooth muscle cells under
hypoxic conditions [20], and HIF-1la-mediated
regulation of invasion and migration in breast
cancer cells [13], further supports the broad
impact of hypoxia on cellular processes. These
parallels underscore the potential universal
mechanisms by which hypoxia influences cell
behavior across different tissues and disease
states.

MicroRNAs (miRNAs) are highly conserved non-
coding RNAs that primarily silence gene expres-
sion by binding to the 3’ untranslated regions
(3'UTRs) of target genes. Extensive research
has demonstrated that miRNAs orchestrate
a variety of biological processes, including dif-
ferentiation, proliferation, migration, invasion,
metabolism, and apoptosis [21]. For instance,
miR-584-3p has been shown to inhibit invasion
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in clear cell renal cell carcinoma by downregu-
lating ROCK-1 [22] and to regulate migration
in human thyroid cancer cells [23]. Additionally,
in neuroblastoma, miR-584-3p suppresses
migration, proliferation, invasion, and angio-
genesis both in vivo and in vitro by targeting
MMP-14 [24].

In the context of hypoxia, miR-584-3p plays a
crucial role. Xue et al. [25] reported that miR-
584-3p counteracts hypoxia-induced ROCK-1-
dependent stress fiber formation, thereby in-
hibiting migration and invasion in glioma cells.
Despite its known functions, the involvement of
miR-584-3p in reproductive diseases remains
understudied, particularly its effects on EECs
under hypoxic conditions.

In this study, miRNA sequencing and RT-qPCR
were utilized to assess miRNA expression at
different oxygen levels. The findings reveal that
miR-584-3p is upregulated in hypoxic condi-
tions compared to normoxic environments. This
upregulation suggests that miR-584-3p could
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Figure 5. Invasion rates of endometrial
glandular epithelial cells (EECs) through
a Transwell assay in hormoxic versus hy-
poxic conditions over time. Scale bars:
100 ym. ****pP<(0.0001, *P<0.05, ns:
no significance.

be a key regulator of the functional changes
observed in hypoxia-induced EECs.

Following the identification of differentially
expressed miRNAs in EECs under hypoxic con-
ditions, DKK-1 was identified as a target gene
of hsa-miR-584-3p using the miRNA TargetScan
database. This interaction was confirmed
through double-luciferase reporter gene analy-
sis, which demonstrated binding between hsa-
miR-584-3p and the 3'UTR of DKK-1. Western
blot analysis further revealed a significant
reduction in DKK-1 expression in EECs under
hypoxic conditions. DKK-1 is a well-known
inhibitor of the Wnt/B-catenin signaling path-
way, which is crucial for pluripotent differentia-
tion, organ development, and stem cell regen-
eration [26], and plays roles in the development
of the female reproductive tract, repair of endo-
metrial damage, embryo implantation, and tro-
phoblast proliferation and differentiation.

For instance, WNT5A, FZD5, and LRP5 have
been shown to regulate the proliferation and
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Figure 6. Interaction of hsa-miR-584-3p with the 3’ untranslated region (UTR) of DKK-1: A, B. Dual-luciferase report-
er assay results demonstrating regulation of DKK-1 by hsa-miR-584-3p. C, D. Western blot analysis showing DKK-1
protein levels in endometrial glandular epithelial cells (EECs) under normoxic and hypoxic conditions at various time

points. ****P<(0.0001, ns: no significance.

self-renewal of endomesenchymal stem cells
through the Wnt/[-catenin pathway, which also
modulates the activity of endometrial stem/
progenitor cells during menstruation [27].
Animal studies indicate that the periodic activa-
tion of the Wnt/B-catenin pathway controls the
cyclic regeneration of the endometrium in pigs
[28]. Wnt4 is a crucial regulator of blastocyst
implantation in mice [29]. Clinical studies have
shown that bone marrow mesenchymal stem
cells combined with estrogen can inhibit the
epithelial-mesenchymal transition and promote
the regeneration of damaged endometrium via
the Wnt/B-catenin pathway [26]. In Asherman
syndrome patients, activation of this pathway
enhances angiogenesis, increases gland num-
bers, and facilitates repair of endometrial dam-
age [30].

Despite these findings, the specific role of
DKK-1 in regulating EEC function under hypoxic
conditions remains unclear. Our study suggests
that a hypoxic environment may modulate
DKK-1 expression via the upregulation of miR-
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584-3p, thereby altering EEC function and
potentially influencing endometrial injury and
repair processes.

This study successfully constructed a cellular
model of hypoxia-induced injury, elucidating
the regulatory effects of hypoxia on the gene
and functional phenotypes of EECs and estab-
lishing the targeted relationship between miR-
584-3p and DKK-1. However, it did not include
experiments on cell function regulation in
hypoxia-damaged EECs or gene editing of miR-
584-3p, such as through transfection with
MiRNA mimics or inhibitors to assess gene
expression changes. Future studies will aim to
explore these avenues, particularly focusing on
the regulatory mechanisms of miR-584-3p in
cell damage repair in hypoxia-injured EECs.
Additionally, constructing an animal model to
investigate the effects of miR-584-3p on endo-
metrial repair and regeneration is also planned.

In conclusion, our findings suggest that the
overexpression of hsa-miR-584-3p under hy-
poxic conditions may regulate the migration,
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proliferation, and invasion of EECs by downreg-
ulating DKK-1 and activating the Wnt/3-catenin
signaling pathway. This study lays the genetic
groundwork for further research into diseases
related to endometrial aplasia.
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