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The long noncoding RNA LUCAT1
regulates endometrial receptivity via the
miR-495-3p/S100P axis
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Recently, interest in investigating the effects of long noncoding RNAs (IncRNAs) on endometrial
receptivity (ER) has increased within the field of assisted reproductive technology. Therefore, the
objective of this study is to identify and analyze the role of the IncRNA LUCAT1 and to elucidate

its specific mechanism in regulating ER. Hub genes associated with ER are identified via Weighted
gene co-expression network analysis (WGCNA) in two datasets downloaded from the GEO database.
These hub genes identified via WGCNA were subsequently validated. The combination of a dual-
luciferase assay, qRT-PCR, western blotting, and other techniques are used to investigate the
molecular mechanism by which LUCAT1 regulates S100P. In this study, LUCAT1 expression is shown
to significantly affect ER, and the depletion of LUCAT1 leads to impaired ER function. Additionally,
LUCAT1 is shown to act as a molecular sponge for miR-495-3p, thereby modulating the expression of
S100P. This modulation influences the proliferation, migration, and invasion capabilities of Ishikawa
cells, as well as the adhesion of JAR cells to endometrial cells. Therefore, LUCAT1 can regulate ER via
the miR-495-3p/S100P axis, which provides experimental evidence for the identification of innovative

strategies aimed at enhancing endometrial receptivity.

In recent decades, the success rate of in vitro fertilization-embryo transfer
(IVF-ET) has significantly improved due to advancements in embryo
laboratory technology and clinical techniques. However, approximately 50%
to 60% of IVF-ET cycles do not result in successful implantation'. Endo-
metrial receptivity (ER) and embryo quality are pivotal factors contributing
to implantation failure’. Recurrent implantation failure (RIF), defined as the
inability to achieve a clinical pregnancy after at least three or more high-
quality embryos are transferred during fresh or frozen cycles before the age
of 40°, represents a significant limitation to the success rates of IVF-ET and
implantation. The prevailing belief is that aberrant ER functions as the
primary determinant of RIF. Enhancing ER functionality holds potential for
mitigating the reduced implantation potential and facilitating higher rates of
successful implantation. Therefore, numerous scholars have suggested that
an accurate evaluation and enhancement of ER may represent key break-
throughs to improve the outcomes of IVF-ET and implantation®,

ER is the ability of the endometrium to support successful embryo
implantation and serves as a crucial determinant for achieving a normal

pregnancy. ER encompasses a specific timeframe during the mid-secretory
stage known as the window of implantation (WOI), which is characterized
by the optimal uterine morphology and functionality, facilitating blastocyst
adhesion and subsequent implantation®. Researchers in the field of assisted
reproductive technology have been striving to establish a universally
accepted benchmark for evaluating ER, yet a consensus remains elusive.
Numerous conventional methodologies are available for evaluating ER.
Ultrasonic detection is a widely employed diagnostic tool in clinical practice
that enables the assessment of various parameters, such as endometrial
volume, blood flow dynamics, thickness, and histologic characteristics’. This
method is cost-effective and noninvasive, which makes it widely accepted.
However, the lack of consensus on standards for ultrasonic detection, such
as endometrial thickness and vascularization, has led to ongoing con-
troversy surrounding its predictive value in determining pregnancy
outcomes’. Additionally, histologic techniques can provide a more precise
evaluation of endometrial differentiation and maturation. However, their
invasive nature may not be well received by patients. The endometrial
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receptivity array (ERA), which is based on an analysis of 238 genes believed
to be involved in ER, represents an endeavor to improve histologic detection
from a clinical perspective. However, the current published data supporting
the ERA are limited and await the results of an international, randomized,
multicenter trial®. More significantly, the exorbitant cost associated with a
single ERA examination renders it financially unfeasible for patients,
thereby impeding its widespread clinical implementation. Recently, been
rapid development of second-generation sequencing technology, particu-
larly RNA sequencing (RNA-seq), has occurred. Transcriptomic studies
have emerged as powerful tools for comprehensively assessing alterations in
gene expression, playing crucial roles in disease research, diagnosis, and
treatment. Several commonly accepted markers of ER, including S100P’,
LIF", COX-2", HOXA10", VEGF" and 3 integrin", have been proposed.
However, the clinical applications of these proteins and relevant technolo-
gies are still in the early stages. Therefore, the diligent identification and
validation of objective, precise, and distinctive markers linked to ER are
imperative.

Long noncoding RNAs (IncRNAs) are RNA molecules that exceed a
transcript length of 200 nucleotides and do not encode proteins'”. LncRNAs
have gained significant recognition for their diverse functional roles in
various biological processes within the endometrium. Several IncRNAs,
including CASC2, LINC00672, TUGI, and TUSC7, exert tumor-
suppressive effects on endometrial cancer and enhance tumor
chemosensitivity“’. Furthermore, several IncRNAs are involved in evaluat-
ing ER. H19 has been found to be downregulated in the endometria of
patients with RIF”. Compared with the levels in pregnant individuals,
AK124742 and PSMD6 were downregulated in cumulus cells in non-
pregnant individuals'’’. Wang et al. identified a novel candidate gene,
TUNAR (Inc00617), and employed it as a molecular marker for ER by
comparing the transcriptional sequencing data of LH + 2and LH + 7 in the
human endometrium through RNA-seq analysis'. The above studies
indicate that these IncRNAs are strongly correlated with and are predictive
of ER, but their specific underlying mechanisms need to be further explored.
Therefore, we attempted to identify additional ER markers among the
identified IncRNAs. The GSE106602 and GSE98386 datasets uploaded by
Suhorutshenko M et al. contain the differential gene expression profiles of
early secretory- and mid-secretory-phase endometrial biopsies obtained
from 70 healthy fertile women across one menstrual cycle”. Weighted gene
co-expression network analysis (WGCNA) was used to construct a
IncRNA-mRNA coexpression network for ER and to screen for hub genes.
The highly connected protein-coding gene S100P and the IncRNA LUCAT1
were selected. Given the inaugural investigation of LUCAT1 in the endo-
metrium, our findings reveal its multifaceted functions within this tissue.
LUCATT1 not only influences embryo adhesion to the epithelium but also
governs the decidualization processes of endometrial stromal cells (ESCs).
Our study substantiates the indispensable role played by LUCATI in
facilitating embryo implantation and potentially provides a promising
biomarker for assessing ER.

Results

The IncRNA LUCAT1 and S100P are hub genes in the RNA-RNA
network related to ER

Seventy endometrial samples from two endometrial sample sequencing
datasets (GSE106602 and GSE98386) in the GEO database were analyzed
via WGCNA to explore the marker molecules associated with ER (Fig. S1A).
The gene distributions in the early secretory-stage (LH + 2) and middle
secretory-stage (LH + 7 for samples from Spain and LH + 8 for samples
from Estonia) samples are shown in cluster diagrams (Fig. 1A). After the soft
threshold was set to 10 (Fig. S1B), the genes were divided into different
modules, which were indicated with 15 different colors (Fig. S1C), for fur-
ther analysis. The mRNAs and IncRNAs exhibiting similar expression
patterns were grouped into modules using average-link clustering (Fig. 1B
up). In addition, an eigengene adjacency heatmap displayed the correlations
between gene modules (Fig. 1B down). The module trait relationships are
shown in the heatmap (Fig. 1C). The turquoise module, which presented the

most significant discrepancy between LH+2 and LH+7 or LH+ 8
among the 15 modules, was selected as the significant module for further
analysis. The mRNAs in the turquoise module were subjected to GO ana-
lysis and KEGG pathway enrichment analysis. The GO analysis revealed
that these mRNAs were enriched in signal transduction, extracellular matrix
organization, neutrophil degranulation and angiogenesis (Fig. 1D). The
KEGG pathway enrichment analysis suggested that metabolic pathways and
pathways in cancer were the most significantly enriched pathways (Fig. 1E).
The genes in the turquoise group were related mainly to signal transduction,
according to the heatmap of the GO (Gene Ontology) analysis. Based on the
WGCNA results, 22 IncRNAs and 48 mRNAs constituted the IncRNA-
mRNA co-expression network (Fig. 1F). In the network, a classical ER
molecule, S100P, was shown to be a hub gene, and the IncRNA LUCAT1
was connected to S100P. The results of the WGCNA and co-expression
network analysis indicated that SI00P and LUCAT1 might be associated
with ER.

LncLUCAT1 and S100P are upregulated in receptive
endometrial cells

We initially confirmed the expression of LUCAT and S100P in endometrial
tissue to analyze the relationships among IncLUCAT1, S100P and ER.
Endometrial tissue was isolated from early secretory-stage and middle
secretory-stage samples. Compared with the levels in early secretory-stage
endometrial tissue, LUCAT1 and S100P were upregulated in middle
secretory-stage endometrial tissue (Fig. 2A, B). THC revealed the same
pattern of S100P expression (Fig. S2C). Furthermore, typical multi-
fluorescence images showed the colocalization of S100P, Ki67 and CK7 in
endometrial epithelial cells, indicating the involvement of S100P in gland-
ular formation. In the LH + 7 group, increased expression of SI00P was
observed in a greater number of glandular cells formed vesicles, consistent
with previous experimental findings (Fig. 2A).

The same results were obtained for Ishikawa cells, a well-differentiated
endometrial adenocarcinoma cell line. The principal hormones regulating
uterine function, E2 and P4, were added to Ishikawa cells, which were
subsequently induced to enter the receptive stage. This induction was
characterized by elevated levels of the HOXA10 and B3 integrin markers
(Fig. S2B, C). In Ishikawa cells, low concentrations of E2 promoted the
expression of LUCAT1 but high concentrations inhibited its expression
(Fig. 2D), whereas P4 promoted LUCAT1 expression in a concentration-
dependent manner (Fig. 2E). When P4 (0.1 uM) and E2 (0.01 uM) were
added together (at the physiological concentrations of the middle secretory
stage), LUCAT1 expression was significantly upregulated (Fig. 2F). Similar
to LUCAT1 expression, the SI00P mRNA and protein levels were regulated
by E2 and P4 (Fig. 2G, H). As expected, the expression of NF-«kB p65, a
marker molecule of the NF-kB signaling pathway that is regulated by S100P,
was upregulated in Ishikawa cells treated with E2 and P4 (Fig. 2H). In
summary, LUCAT1 and S100P are upregulated in middle secretory-stage
endometrial cells.

LUCAT1 depletion impairs the ER of endometrial cells

Based on the expression pattern of LUCATI, we evaluated whether
LUCAT!1 regulates the ER of Ishikawa cells by performing functional
experiments with LUCATI1-silenced Ishikawa cells. The proven
LUCAT1 silencing (Fig. S3A) inhibited the proliferation (Fig. 3A),
migration (Fig. 3B), and invasion (Fig. 3C) of Ishikawa cells, which
indicated that LUCAT1 knockdown affected ER. We further elucidated
the involvement of LUCATI in ER by next performing an attachment
assay to assess whether LUCAT1 affects blastocyst attachment to the
endometrium. JAR spheroids (Fig. 3D, top panel) served as embryonic
bodies and were added to a single layer of Ishikawa cells and incubated
for 1 h (Fig. 3D, bottom panel). After washes with PBS, a significantly
greater number of JAR spheroids remained on LH + 7 Ishikawa cells
than on control cells, but the number was reduced by LUCATT silencing
(Fig. 3D, right panel), suggesting that LUCAT1 plays an indispensable
role in regulating ER.
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In addition to the attachment assay, we explored the expression of
LUCAT1 during decidualization. The isolated human primary ESCs
(Fig. 3E) were identified using vimentin (a marker of stroma cells). ESC
decidualization was induced by the addition of MPA and cAMP for 0, 2, 4,
or 6 consecutive days. Subsequently, time-dependent increases in the levels
of decidualization markers, including insulin-like growth factor-binding

protein 1 (IGFBP1) and prolactin (PRL), were observed (Fig. 3F, G). In
response to decidualization stimulation, the expression of LUCATI
increased significantly (Fig. 3H). Notably, the knockdown of LUCAT1
significantly attenuated this increase (Fig. 31, J). In summary, the above
results suggest that LUCAT]1 depletion impairs the receptivity of endo-
metrial and Ishikawa cells.
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Fig. 2 | LUCAT]1 and S100P are upregulated in LH + 7 endometrial cells relative
to LH + 2 cells. A The relative expression of LUCTA1 in endometrial tissue (1 = 10).
B The relative expression of SI00P mRNA in endometrial tissue (1 = 10). C The
distribution of CK7, KI67 and S100P in endometrial tissue showed by multiple
fluorescence. D The effects of E2 on the expression of LUCAT1 in Ishikawa cells

(n=3). E The effects of P4 on the expression of LUCAT1 in Ishikawa cells (n = 3).
F The effects of E2 and P4 on the expression of LUCAT] in Ishikawa cells (n = 3).
G The expression of SI00P mRNA in Ishikawa cells (n = 3). H The expression of
S100P and NF-«B p65 protein in Ishikawa cells. *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001. (Error bar: mean with SD.).

LUCAT1 regulates S100P signaling by sponging miR-495-3p

Based on the aforementioned findings, we aimed to elucidate the regulatory
mechanism of LUCATT1 in relation to ER. First, we sought to validate the
interaction network between LUCAT1 and S100P, and gRT-PCR and WB
demonstrated that LUCAT1 knockdown resulted in a significant decrease in
the expression level of S100P in Ishikawa cells (Fig. 4A, B). LncRNAs can
serve as miRNA sponges to regulate cellular functions, which is a classical
regulatory mechanism of IncRNAs. We explored whether LUCAT1 exerts
its biological functions by sponging miRNAs. Using starBase, 17 miRNAs
were found to have binding sites for LUCAT1, and 22 miRNAs had binding
sites for S100P (Fig. S4A). However, only one miRNA (miR-495-3p) had
binding sites for both S100P and LUCAT1 (Fig. 4C). A pulldown assay
(Fig. 4D) using a biotinylated miR-495-3p probe showed the significant
enrichment of LUCAT1 and S100P in the RNA pools pulled down by miR-
495-3p (Fig. 4E, F). Furthermore, we performed a luciferase reporter assay
and found that a miR-495-3p mimic obviously inhibited the luciferase

activity of SI00P-WT cells but had no influence on that of SI00P-MUT cells
(Fig. 4G, H).

In contrast to the upregulation of LUCAT1 and S100P, miR-495-3p
was downregulated in middle secretory-stage endometrial cells (Fig. 4I).
Similarly, miR-495-3p was downregulated by E2 and P4 in Ishikawa cells
(Fig. 4]). In Ishikawa cells, LUCAT1 silencing upregulated the level of miR-
495-3p (Fig. 4K). Furthermore, we found that miR-495-3p regulated the
expression of S100P in Ishikawa cells. MiR-495-3p inhibitor upregulated the
expression of SI00P when LUCAT1 was knocked down (Fig. 4L). However,
miR-495-3p inhibitor increased the expression of S100P in Ishikawa cells
when S100P was silenced (Fig. 4M). Similarly, the expression of NF-kB p65
was consistent with that of S100P (Fig. 4M). Furthermore, the markers of
ER, including B3 integrin, LIF, and HOXA10, did not show significant
effects from this pathway (Fig. S4C, D, E), but the expression pattern of
MMP9 was consistent with S100P (Fig. S4F). In summary, LUCAT1 reg-
ulates the level of S100P signaling by sponging miR-495-3p.

Communications Biology| (2025)8:318


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-07718-4 Article
A Ishikawa B Ishikawa
si-NC si-LUCAT1
—
> E
-
c
% oh
a
5
s 48h
=
E2+P4
D E ESC F IGFBP1
60 *% % < 8007 kK
I g~ =
23 g _ *k Kk
: s & 400
= S
© O . X 0
£8 20 2 200+ =
= ®T=
3 a []
2 04 & 0 I-T‘I T T
O O A 0d 2d 4d 6d
b c;.\'\A \)C,P'S
e
E2+P4
G PRL H LUCAT1 | IGFBP1 J PRL
< 600 ok kK < 10 L % 10077 esan : 1507 Kok koK
v X *% B € 1404 —
E = - PRRER E£ g8 E5 80— Ezo
5E 4004 rwx 5§ Kk gg_ * Kok ok 2'5130- _—
59 — 5 6 S 60 S 120 —
B Q 2 2 a
83 g ¥ oo 85110
£% 200 == 2= 49 55 407 §5100L
°of ] 2 25 20 2a 10T
£ [ 53 5< 5 5 | u
s o 9]
2 0 i T T T € 0 r:ln., T T & 0 T T T T = 0—————
0d 2d 4d 6d 0d 2d 4d 6d O a0 O A O QO A
W 030\ q‘,\'$ OC‘P:\ W 060 5\’\i \)0?:\
. éxé\'\’ .\dx"ﬂ\'
o Y

Fig. 3 | LUCAT!1 is involved in establishing endometrial receptivity. A-C The
effects of E2 + P4 and LUCAT1 silencing on the proliferation (A), invasion (B),
migration (C) of Ishikawa cells (n = 3). D The effects of E2 + P4 and

LUCATT1 silencing on blastocyst attachment to the endometrium (n = 3).

E Immunofluorescence staining of vimentin (green) in ESCs and the nuclear were

stained with DAPI (blue). F, G The expression of the markers of decidualization,
IGFBP1 and PRL, in the ESCs induced by hormone (n = 3). H The expression of
LUCAT]1 during decidualization process (n = 3). I, J The effects of

LUCAT!1 silencing on the expression of IGFBP1 and PRL (n = 3). *P < 0.05,
**P<0.01, ¥**P < 0.001, and ****P < 0.0001. (Error bar: mean with SD.).

LUCAT1 regulates ER via the miR-495-3p/S100P axis

After confirming the involvement of the LUCAT1/miR-495-3p/S100P
axis in Ishikawa cells, we further investigated its relationship with ER.
Silencing of LUCAT1 inhibited the proliferation (Fig. 5A, Fig. S5A),
migration (Fig. 5B, Fig. S5B), and invasion (Fig. 5C, Fig. S5C) abilities of
Ishikawa cells, whereas these effects were reversed upon cell transfection
with the miR-495-3p inhibitor (Fig. 5A, B, C, Fig. S5A, B, C). These
findings suggest that LUCAT1 modulates ER through the regulation of
miR-495-3p/S100P axis activity. The results of the adhesion assay
between JAR and Ishikawa cells confirmed this conclusion, as fewer JAR
spheroids adhered to Ishikawa cells following LUCAT1 knockdown,

whereas the transfection of Ishikawa cells with the miR-495-3p inhibitor
resulted in an increased number of adhered JAR spheroids (Fig. 5D).
Thus, the LUCAT1/miR-495-3p/S100P axis plays a regulatory role in ER
processes.

Inhibition of S100P attenuates ER and embryo implantation

in vivo

A solution containing 1 ug of si-S100P was injected into the right horn of the
mouse uterus, while si-NC was injected into the left horn as a control on Day
3 of pregnancy to further verify the roles of S1I00P in ER and embryo
implantation in vivo (Fig. 6A). As a result, SI00P silencing significantly
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Fig. 4| LUCAT1 regulates S100P signaling. A The relative expression of the mRNA
of S100P affected by LUCATT1 silencing (n = 3). B The expression of S100P and
NF-kB p65 protein affected by LUCATT silencing. C Predicting potential target
microRNA of LUCAT1 and S100P, with complementary binding dot. D The
schematic view of RNA-RNA pull down. E The relative expression of LUCAT1 in
biotin-labeled adsorption assays (n = 3). F The relative expression of S100P in
biotin-labeled adsorption assays (1 = 3). G The changes of the dots of SI00P-MUT.
H Dual luciferase reporter assays about investigating the interaction between miR-

495-3p and SO0P 3/-UTR (n = 3). I The relative expression of miR-495-3p in
endometrial tissue (# = 10). J The relative expression of miR-495-3p in Ishikawa
cells (n = 3). K The relative expression of miR-495-3p affected by LUCAT1 silencing
(n=3). L The expression of S100P and NF-«B p65 protein in Ishikawa cells affected
by LUCATT silencing or miR-495-3p inhibitor. M The expression of S100P and
NF-kB p65 protein in Ishikawa cells affected by S100P silencing or miR-495-3p
inhibitor. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (Error bar: mean
with SD.).
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Fig. 5| LUCAT]1 regulates ER via the miR-495-3p/ A
S100P axis. A-C The effects of LUCATT1 silencing

or miR-495-3p inhibitor on the proliferation (A),

invasion (B), migration (C) of Ishikawa cells (n = 3).

D The effects of LUCAT1 silencing or miR-495-3p

inhibitor on blastocyst attachment to the endome-

trium (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001,

and ****P <0.0001. (Error bar: mean with SD.).
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decreased the embryo implantation rate in mice that were dissected on Day
7 of pregnancy (Fig. 6B, C). However, the differences in embryonic devel-
opment were not statistically significant (Fig. 6D). In tissue staining, SI00P
silencing downregulated the expression of S100P (Fig. 6E) in the uterine
horn. H&E staining revealed decreased gland formation, and Ki67 staining
revealed decreased endometrial proliferation in the si-SI00P group
(Fig. 6F, G). These results suggest that S1I00P may be involved in the reg-
ulation of ER and embryo implantation.

Discussion

The reported prevalence of endometrial factors contributing to two-
thirds of IVF-ET failures underscores the increasing importance of ER in
light of current high-quality embryo screening protocols®. The lack of ER
is a pivotal barrier to advancing assisted reproductive technology. An
accurate evaluation and enhancement of ER may be key for improving
the success rate of IVF-ET. Despite the potential significance of IncRNAs,
their functional roles and underlying molecular regulatory mechanisms
remain largely unexplored. Moreover, few studies have investigated the
relationship between noncoding RNAs and ER, resulting in numerous
unknown areas that warrant further investigation. In this study, a
IncRNA-mRNA co-expression network of hub genes in key module was
constructed through WGCNA. The key module encompassed the
majority of the genes related to ER that have been reported in previous
studies, such as ANXA2, GADD45A and MAOA. The highly connected
hub gene IncRNA LUCAT!1 in this network attracted our interest. The
newly discovered IncRNA LUCATI has been implicated in smoking-
related lung cancer and is associated with an unfavorable prognosis for
patients with smoking-related non-small cell lung cancer’’. Recently,

LUCAT]1 has been associated with a broader spectrum of malignancies,
including gastric”’, hepatic™® and colorectal”* carcinomas. The S100P
protein, a member of the S100 family, plays a crucial role in regulating
signaling pathways, protein phosphorylation, and cell proliferation and
differentiation”. In studies pertaining to ER, SI00P has been found to be
significantly upregulated during the middle secretory stage, and S100P
knockdown could induce apoptosis in endometrial epithelial cells’, which
aligns with the results of our bioinformatics analysis. LUCAT1 and
S100P exhibit comparable characteristics in tumors and demonstrate
strong associations within IncRNA-mRNA networks, which motivated
us to conduct further investigations. In our study, we aimed to investigate
the regulatory effect of LUCATI on ER through its ability to regulate
S100P expression. qQRT-PCR analysis revealed the upregulation of
LUCAT]1 in endometrial tissue during the middle secretory stage, which
was consistent with the results of the bioinformatics analysis. Moreover,
we hypothesized that the increased expression of LUCATI during this
period might be associated with the establishment of the WOIL. We
subsequently conducted in vitro experiments using Ishikawa cells, an
endometrial adenoma cell line, to examine the expression levels of
LUCATI. Interestingly, our results revealed a significant increase in
LUCAT]1 expression in cells treated with physiological concentrations of
estrogen. After LUCATI RNA interference, the process of blastocyst
attachment to the endometrium was hindered. Our findings unequi-
vocally confirmed that targeted silencing of LUCATT resulted in a sig-
nificant reduction in S100P expression. Numerous previous studies have
consistently reported the involvement of LUCATT1 in the pathogenesis
and metastasis of diverse malignancies, whereas recent investigations
have revealed its participation in normal physiological processes.
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Fig. 6 | S100P affects endometrial receptivity and embryo implantation showed
by an in vivo mouse model. A The process of the in vivo mouse model. B, C The

number of embryo in the horn of mouse uterus with PBS or S100P silencing (n = 8).
D The size and weight of embryo with si-NC or si-S100P (n = 4). E The expression of

S100P in endometrium with si-NC or si-S100P. F The HE dye of endometrium
with PBS or S100P silencing. G The Ki67 dye of endometrium with PBS or S100P
silencing. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (Error bar: mean
with SD.).

Tao Y et al. reported that LUCAT1 knockdown increased the degree of
MSC apoptosis and impaired MSC-mediated cardioprotection®. Our
study is the first to identify a role for LUCATI in the reproductive
system, especially in ER. The potential of LUCAT1 as a novel indicator
for evaluating ER is predicted, and enhancing ER may be possible
through LUCAT1 interventions.

Previous studies have shown the consistent upregulation of
LUCATI in various cancer cell types”*. Furthermore, LUCAT1 exerts
its regulatory effect on tumor cells predominantly through the ceRNA
network, modulating cell proliferation, migration, and invasion, which
are key processes in tumorigenesis. The regulation of PTBP1 expression
by LUCATT1 can modulate the drug resistance of tumor cells”. LUCAT1
functions as a competitive endogenous RNA (ceRNA) for miR-539,
promoting cell proliferation, cell cycle progression, migration, and
invasion of pancreatic ductal adenocarcinoma (PDAC)*. In fact,
extensive similarities have been noted between tumor metastasis and
embryo implantation, such as migration, invasion, and immune escape”.
Conventional tumor factors, such as HOXA10 and VEGF, have been
shown to regulate ER during embryo implantation. In our study, wound
healing, invasion, and EdU experiments revealed that downregulating the

expression of LUCAT1 significantly impeded the proliferation, migra-
tion, and invasive potential of Ishikawa cells, which may serve as a pivotal
determinant contributing to the decrease in ER.

StarBase was used to predict the potential binding of miRNAs to
LUCAT1I and S100P, and miR-495-3p was subsequently identified as a
molecule that simultaneously bound to both targets. MiR-495-3p has been
shown to exert a negative regulatory effect on the proliferation, migration
and invasion of various tumor cells. The expression of miR-495-3p was
found to be significantly downregulated in glioblastoma tissues and exhib-
iteda negative correlation with LGMNP1 expression. Moreover, the tumor-
promoting effects resulting from the upregulation of LGMNP1 could be
mitigated by the introduction of miR-495-3p mimics”. Ectopic expression
of miRNA mimics in gastric cancer (GC) cells resulted in the suppression of
ten epithelial-mesenchymal transition (EMT)-related genes by miR-495-
3p, leading to the inhibition of tumor cell growth and proliferation through
both caspase-dependent and caspase-independent mechanisms of cell
death’. In our study, an RNA-RNA pulldown assay confirmed the specific
binding interaction between miR-495-3p and LUCATT, as well as S100P. A
dual-luciferase reporter gene assay subsequently confirmed the regulatory
role of miR-495-3p in modulating S100P expression. The functional
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integrity of the LUCAT1/miR-495-3p/S100P axis and its ccRNA mechan-
ism were validated through rescue experiments. Notably, the expression
pattern of MMP9 was consistent with S100P, but not as significantly dif-
ferent, which may indicate specific alterations in ER or indicate an under-
lying mechanism that remains to be elucidated. The inhibition of miR-495-
3p reversed the suppressive effects of LUCAT1 silencing on S100P expres-
sion and cell proliferation, migration, and invasion upon RNA interference
with LUCAT1. Moreover, in an embryonic cell adhesion experiment, miR-
495-3p hindered the adhesion of JAR cell spheres to Ishikawa cells. Col-
lectively, these findings underscore the effect of LUCAT1 on increasing ER
levels while highlighting the effect of miR-495-3p on decreasing ER. Tra-
ditionally, researchers have postulated that S100P modulates cell pro-
liferation, migration, and invasion by regulating RAGE ligands via the NF-
kB pathway, which was repeatedly mentioned in several manuscripts by
Arumugam T**”. Mercado-Pimentel ME™ and Onyeagucha BC”.
Although S100P is commonly recognized as a prototypical ER-related
molecule, its regulation is limited to hormonal factors. Our study represents
a pioneering effort in elucidating and substantiating the intricate associa-
tions between hormones and S100P. Therefore, we hypothesize that S100P
potentially regulates ER through the NF-kB pathway, which is based on our
observed changes in the levels of the NF-«kB marker p65.

In summary, the present results show that the expression of
LUCAT1 and S100P is upregulated in endometrial tissues and cells
during the receptive phase (Fig. 7). As a molecular sponge for miR-495-
3p, LUCAT1 competitively binds to miR-495-3p, thereby increasing the
expression level of S100P through a ceRNA mechanism. This change
leads to the increased proliferation, migration, and invasion abilities of
Ishikawa cells, as well as to increased adhesion between Ishikawa cells
and JAR cell spheres. Furthermore, this process facilitates an improve-
ment in ER and promotes the embryo implantation process. Unlike the
unpredictable consequences associated with direct regulation of the
S100P protein, regulating LUCAT1 expression within a safe range may
represent a safer approach. Furthermore, considering that THC and
multifluorescence techniques revealed the absence of S100P in ESCs,
another mechanism may be responsible for the decidualization-
inducing effect of LUCATT1, although further investigation is needed.
Although the precise mechanism underlying the LUCAT1-mediated
regulation of decidualization remains elusive and warrants further
investigation, a novel regulatory pathway involving ER is proposed,
emphasizing the potential utility of LUCATI1 as a biomarker. Our
observations suggest that LUCAT1 could be a new therapeutic target for
improving ER and increasing the success of pregnancy by IVF-ET,
thereby reducing implantation failure rates in IVF-ET.

Materials and methods
WGCNA, establishment of a weighted co-expression network
and screening of hub genes
In this study, HIST2 and Stringtie were utilized to analyze two secretory
endometrial samples from the GEO database (GSE106602 and GSE98386).
The original fast-q transcriptome sequencing data of 70 samples collected
from 35 women (20 from Estonia and 15 from Spain) during the early and
middle secretory phases were standardized and annotated. Standardized
mRNA and IncRNA data were obtained after preprocessing the original
sequencing data, followed by screening for differentially expressed mRNAs
and IncRNAs using the R package DEseq2 (p < 0.05, padj <0.05, FC > 2).
WGCNA was conducted on the screened mRNAs and IncRNAs.
Initially, based on the expression data for the mRNAs and IncRNAs
included in this analysis, a soft threshold of 10 was determined. Using the
established soft threshold, we subsequently constructed a weighted gene co-
expression map and selected modules exhibiting optimal significance and
differential expression during the early and middle secretory stages for
subsequent GO analysis and pathway analysis. Hub genes, genes with high
connectivity, are usually located upstream of networks, whereas genes with
low connectivity are usually located downstream of networks (e.g., trans-
porters and catalytic enzymes). Interactions between hub IncRNAs and hub

mRNAs were identified by calculating the Pearson correlation coefficients of
differentially expressed mRNAs and IncRNAs with a cutoff of |cor | > 0.5.
The interactions were identified using a p.adjust value < 0.01. Furthermore,
a IncRNA-mRNA network was constructed using Cytoscape software.
Additionally, starBase was employed to predict potential miRNA binding
sites within both the identified IncRNAs and mRNAs.

Patients and samples

A total of 20 patients with normal fertility (10 patients in the LH + 2 group
and 10 patients in the LH+ 7 group) were recruited from the Fourth
Affiliated Hospital of Jiangsu University. The inclusion criteria were as
follows: 1. Patients were aged younger than 40 years. 2. Women with normal
fertility were those who had a history of successful pregnancies and were
admitted to our hospital for open or hysteroscopic surgery due to benign
reproductive system conditions (such as ovarian cysts and uterine fibroids).
3. All enrolled patients were excluded if they presented with acute inflam-
mation of the reproductive system, malignant tumors, systemic diseases
(e.g., hepatitis or thyroid disease), or endocrine disorders (e.g., polycystic
ovary syndrome or diabetes).

Contraceptive drugs were not administered, and intrauterine contra-
ceptive rings were not inserted for a period of 3 months prior to sampling.
Endometrial samples were obtained through endometrial pipette aspiration,
endometrial scratching, or hysteroscopic endometrial biopsy. The sample
collection procedure was approved by the Ethics Committee of the Fourth
Affiliated Hospital of Jiangsu University (2022006) and adhered to ethical
requirements. All ethical regulations relevant to human research partici-
pants were followed. All the participants volunteered and provided written
informed consent. Following sample collection, specimens from women
with normal fertility were categorized into the LH + 2 group and LH + 7
group based on a pathologist’s evaluation, which was consistent with the
presumed menstrual cycle phase. All the samples were subsequently col-
lected, grouped, and stored in a —80°C freezer until further analysis
according to standard protocols.

Cell lines and cell culture

Ishikawa cells (endometrial epithelial cancer cells that perform as endo-
metrial epithelial cells) and JAR cells (trophoblastic tumor cells that perform
as embryos) were purchased from iCell Bioscience, Inc. (Shanghai, China).
The cells were identified by STR analysis. Ishikawa cells were cultured in
phenol red-free DMEM (GIBCO, USA) supplemented with 10% FBS at
37 °C with 5% CO,. JAR cells were cultured in phenol red-free RPMI 1640
(GIBCO, USA) supplemented with 10% FBS at 37 °C and 5% CO,. Passa-
ging was performed when cell growth and fusion reached 80 to 90%, typi-
cally resulting in two subsequent passages. The passage period usually lasted
for 2 days.

Endometrial cells were enzymatically isolated from human endome-
trium curettage samples according to a selective attachment method, with
minor modifications. All the endometrial samples were minced into small
pieces (1 mm’) and digested with 0.2% collagenase I (Sigma, USA) for
60 min at 37 °C, followed by digestion with 0.1% deoxyribonuclease I
(Sigma, USA) for 20 min. Subsequently, the tissues were filtered through a
40-um (pore size) mesh to separate the ESCs. ESCs were passed through two
strainers and cultured in phenol red-free DMEM/F12 (GIBCO, USA)
supplemented with 10% fetal bovine serum (FBS) (GIBCO, USA) at 37 °C
with 5% CO,. Passaging was performed when cell growth and fusion
reached 80 to 90%, typically resulting in two subsequent passages. The
passage period usually lasted for 4 days.

Treatment with estradiol (E2) and progesterone (P4)

The cells were plated in 6-well plates (5x10° cells/well) and cultured in
phenol red-free DMEM (GIBCO, USA) supplemented with 10% FBS at
37 °C with 5% CO, for 24 h. After starvation in serum-free and phenol red-
free DMEM for 24 h, the cells were treated with E2 (0.0001, 0.001, or
0.01 pM) and P4 (0.01, 0.1, or 1 uM) in phenol red-free DMEM supple-
mented with 10% charcoal-stripped FBS for 24 h. The same concentration
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Fig. 7 | Schematic of the mechanisms involving LUCAT1 in the regulation of ER.

Table 1 | SIRNA and miRNA inhibitor sequences

Primer Name Sense (5°-3’)

Antisense (5’-3’)

si-S100P AAUGGAGAUGCCCAGGUGGACTT GUCCACCUGGGCAUCUCCAUUTT
Si-NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT
miR-495-3p inhibitor AAGAAGUGCACCAUGUUUGUUU

miR-495-3p inhibitor NC CAGUACUUUUGUGUAGUACAA

si-LUCAT1 GCUCCUUUCCUCACAAGAATT UUCUUGUGAGGAAAGGAGCTT

of dimethyl sulfoxide (DMSO) was administered to the control groups.
Physiological concentrations of E2 (0.01 uM) and P4 (0.1 uM) were admi-
nistered to the cells as the LH + 7 group.

Small interfering RNAs, miRNA inhibitors and transfection

Small interfering RNAs (siRNAs), control siRNAs (si-NCs), miRNA inhi-
bitors and inhibitor-NCs were purchased from Gene Pharma, Shanghai,
China. After being incubated with FBS-free culture medium, Ishikawa cells
were transfected with 70 nM siRNAs or inhibitor per sample using Lipo-
fectamine® 2000. The sequences of the siRNAs and inhibitors are shown in
Table 1.

Quantitative real-time polymerase chain reaction (QJRT-PCR)
analysis

Total RNA was extracted from the tissues and cells using TRIzol reagent
(Thermo, USA). In accordance with the instructions provided by the

reagent manufacturer, 2 pug of total RNA was used for the synthesis of first-
strand cDNA with HiScript II Q RT SuperMix (Vazyme, Nanjing, China)
for mRNAs or an miRNA 1st Strand cDNA Synthesis Kit (Vazyme,
Nanjing, China) for miRNAs. In addition, gDNA eraser was contained in
the kits listed above. The stem-loop primer of miR-495-3p
(GTCGTAAGTGCAGGGTCCGAGGTATTCGCACTGGATACGA-

CAAGAAG) was added during the reverse transcription of miR-495-3p.
The RN A level was measured via qPCR with ChamQ Universal SYBR gPCR
Master Mix (Vazyme, Nanjing, China) on a real-time fluorescence quan-
titative PCR system (Bio-Rad, USA). The final concentration of each primer
sequence was 10 mM. The reaction system was denatured at 95 °C for 30 sec
(or 3 min for miR-495-3p), followed by 40 two-step cycles of 95 °C for 10 sec
and 56 °C for 30 sec. The primers used in the study are shown in Table 2 or
Table S1. GAPDH was used as a control for mRNAs or IncRNAs (B-actin
served as the internal control in ESCs), and U6 was used as a control for
miRNAs. Relative expression was determined after normalization to the
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Table 2 | RNA primer sequences

Primer Name Primer sequence (5’-3’)

miR-495-3P F ACGCTGAAAAACAAACATGGTG
miR-495-3P R CAGTGCAGGGTCCGAGGT
LUCAT1-F GACAATGCCCAGACCTCCAGAAAC
LUCAT1-R GGAAAGGAGCCAGAAGTCAGAACAC
S100P-F TACCAGGCTTCCTGCAGAGT
S100P-R AGGGCATCATTTGAGTCCTG
IGFBP1-F AGCACGGAGATAACTGAGGAGGAG
IGFBP1-R GTTGGTGACATGGAGAGCCTTCG
PRL-F GCAGATGGCTGATGAAGAGTCTCG
PRL-R GGCTTAGCAGTTGTTGTTGTGGATG
GAPDH -F CAGGAGGCATTG CTG ATGAT
GAPDH -R GAAGGCTGG GGCTCATTT
miR-495-3P F ACGCTGAAAAACAAACATGGTG
miR-495-3P R CAGTGCAGGGTCCGAGGT

Ue-F CTCGCTTCGGCAGCACAT ATACT
U6-R ACGCTTCACGAATTTGCGTGTC
B-actin-F TGACGTGGACATCCGCAAAG
B-actin-R CTGGAAGGTGGACAGCGAGG

GAPDH control or U6 control using the 2*** method. All the experiments
were repeated at least three times.

Western blot

Total protein was extracted using ice-cold radioimmunoprecipitation
assay (RIPA) lysis buffer containing a phosphatase inhibitor and a pro-
tease inhibitor cocktail. After the proteins were separated on 10% SDS-
PAGE gel, the wet transfer method was used to transfer the isolated
proteins to a PVDF membrane at 200 mA for 2 h. After 2 h of blocking,
the membrane was incubated overnight at 4 °C with antibodies against
S100P (1:1000; Abcam, USA) or NF-kB p65 (1:1000; Abcam, USA). On
the second day, the membrane was washed and then incubated with the
appropriate secondary antibody conjugated to horseradish peroxidase for
1h at room temperature. A G-Box iChemi chemiluminescence image
capture system was used to visualize the bands. The same membrane
was also probed with a GAPDH antibody (1:10,000; Proteintech, China)
as an internal control. All the experiments were repeated at least
three times.

Wound healing assay

When the transfected cells seeded in the 6-well plate reached confluence,
scratches were made using a sterile 100 pl pipette tip. The cells were then
incubated with FBS-free culture medium. Images of the scratches were
captured at 48 h with an Olympus inverted microscope at 100x magnifi-
cation. The width of the scratch was analyzed using Photoshop.

Matrigel invasion assay

Transwell migration assays were performed using transwell inserts with 8
pm pores. A total of 1x10° transfected cells were counted and seeded in the
upper chamber of the insert (coated with 30 pl of Matrigel 6 h prior to
seeding), while complete medium supplemented with 20% serum was
added to the lower chamber. After 48 h of incubation, the cells were fixed
with 4% paraformaldehyde and stained with a 0.1% crystal violet staining
solution. The cells on the top surface of the membrane were wiped off, and
the cells on the lower surface were examined with an Olympus inverted
microscope at 100x magnification. The number of migrated cells was used
as a measure of the migration capacity.

EdU cell proliferation assay

After Ishikawa cells were transfected with the siRNA or inhibitor plasmid
for 24 h, EAU was added to the cells to a final concentration of 100 M, and
the cells were incubated for 2 h in an incubator at 37 °C with 5% CO,. After
the medium was removed, the cells were fixed with 4% paraformaldehyde
for 15 min and then permeabilized with 0.4% Triton X-100. After washing,
Apollo solution was added and incubated for 30 min to label the EAU-
positive cells. The nuclei were counterstained with DAPI (blue). The stained
sections were examined using a fluorescence microscope (Leica Micro-
systems, Mannheim, Germany).

In vitro embryo implantation

Ishikawa cells were seeded into 6-well plates at a density of 5x10° cells/well
and incubated in phenol red-free DMEM supplemented with 10% FBS at
37°C in a humidified incubator with 5% CO,. After reaching 80% con-
fluence, Ishikawa cells were transfected with si-NC or si-LUCAT1 using
Lipofectamine® 2000. An attachment assay was conducted 48h after
transfection. JAR cells were seeded into 6-well plates at a density of 3x10°
cells/well, incubated in RPMI 1640 supplemented with 10% FBS and 1%
antibiotics for 24 h and shaken every half hour for the first 6h at 37°Cin a
humidified incubator with 5% CO,. One hundred spheroids (50-100 pum in
diameter) were transferred from each well onto the confluent monolayer of
Ishikawa cells. After an incubation with the spheroids for 1 h, the attached
spheroids were counted, and the attachment rate was reported as a per-
centage of the total number of spheroids (%).

Immunofluorescence staining

On the second day of culture, the cells in the chamber slide were fixed with
4% paraformaldehyde and permeabilized with 0.4% Triton X-100. After
blocking, the cells were incubated with antibodies overnight at 4 °C. After
washing, goat anti-rabbit immunoglobulin G (green) was used as a sec-
ondary antibody, and the cells were incubated in the dark for 1 h. The nuclei
were stained with 4',6’-diamino-2-phenylindole (DAPI) (1 mg/mL). Images
were obtained with a microscope and camera connected to a computer with
an image analysis system.

For multiple immunofluorescence staining, microwave treatment (for
the elimination of the previous round of primary and secondary antibodies),
blocking, primary antibody incubation, secondary antibody incubation, and
signal amplification were conducted for different targets. Staining for S100P,
K167, CK7, and DAPI was performed, followed by the addition of drops of
antifluorescence quenching sealing solution.

In vitro decidualization

ESCs were incubated with phenol red-free DMEM/F12 containing 2%
stripped FBS, 5 x 10 M 8-Br dibutyryladenosine cAMP sodium salt
(cAMP) and 10"° M medroxyprogesterone-17-acetate (MPA) for 0-6 days
to induce decidualization in vitro. RNA was extracted from ESCs at 0, 2, 4,
and 6 days for QRT-PCR analysis. B-actin served as the internal control.

Animal experiments

All animal protocols were approved by the Ethics Committee of the Fourth
Affiliated Hospital of Jiangsu University (2022006) and adhered to ethical
requirements. We have complied with all relevant ethical regulations for
animal use. An in vivo embryo implantation study was conducted as pre-
viously described with modifications™. Female ICR (Institute of Cancer
Research) mice in estrus, aged 6-8 weeks, were mated with male ICR mice
aged 8-10 weeks. All mice were purchased from the Animal feeding Center
of Jiangsu University and were accompanied by quarantine certificates. ICR
mice do not involve further processing such as genetic modification. The
day of the vaginal plug observation was considered day 1 of pregnancy. On
Day 3, pregnant mice were anesthetized at 09:00 a.m. and injected with
10 pL of a solution containing 1 pg of si-S100P into the right uterine horn,
while 10 uL of a solution containing 1 pg of si-NC was injected into the left
horn. Mice were dissected on Day 7 of pregnancy to assess embryo
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implantation rates, and samples of the uterine endometrium were collected
for IHC analysis.

Statistical analysis reproducibility

The data are presented as the means + SEMs of at least three independent
experiments. Each experiment was independently repeated three times,
beginning with the cell treatment step. Analyses were performed using
GraphPad Prism statistical software (version 9.0, GraphPad). After the
assumption of a normal distribution was evaluated with the Kolmogorov-
Smirnov test, an unpaired t test and one-way ANOVA followed by the
Student-t test were performed when appropriate. One-way analysis of
variance (ANOVA) was used for comparisons of multiple groups. P
value < 0.05 was considered statistically significant: *P < 0.05, **P < 0.01,
*H%P < 0.001, and ***¥*P < 0.0001.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Source data can be found in Supplementary Data. The uncropped blot
images for figures in the text are available in Figure. S6.
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