Pre prints.org

Article Not peer-reviewed version

The Dynamic Change of microRNA
Expression Profile in Endometrium and

Plasma During the Periimplantation
Window

Chun-lLee T ,An Hsu t , Yu-Jen Lee, En-Hui Cheng, Pin-Yao Lin , Maw-Sheng Lee , Chung-I Chen,
Tzu-Ning Yu, Tiffany Wang , Cai-Yun Wang , Shi-Ting Lin, Jung-Hsuan Yang , Hui-Ling Hsu, Eric Pok Yang : ,

Tsung-Hsien Lee i
Posted Date: 31 October 2025
doi: 10.20944/preprints202510.2429.v1

Keywords: periimplantation; HRT cycle; endometrium; plasma; microRNAs; Next generation sequencing;
functional enrichment analysis

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/3481179
https://sciprofiles.com/profile/3137806
https://sciprofiles.com/profile/3546434
https://sciprofiles.com/profile/4000398
https://sciprofiles.com/profile/1044106
https://sciprofiles.com/profile/632165
https://sciprofiles.com/profile/1903687
https://sciprofiles.com/profile/3419575
https://sciprofiles.com/profile/3456798
https://sciprofiles.com/profile/3233727
https://sciprofiles.com/profile/632574

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 October 2025 d0i:10.20944/preprints202510.2429.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

The Dynamic Change of microRNA Expression
Profile in Endometrium and Plasma During the
Periimplantation Window

Chun-I Lee 123%, An Hsu 1, Yu-Jen Lee ¢, En-Hui Cheng 56, Pin-Yao Lin ¢, Maw-Sheng Lee 127,
Chung-I Chen !, Tzu-Ning Yu !, Tiffany Wang ¢, Cai-Yun Wang ¢, Shi-Ting Lin ¢,
Jung-Hsuan Yang ¢, Hui-Ling Hsu 4, Eric Pok Yang ** and Tsung-Hsien Lee 127.*

1 Division of Infertility, Lee Women’s Hospital, Taichung, Taiwan

2 Department of Obstetrics & Gynecology, School of Medicine, Chung Shan Medical University, Taichung,
Taiwan

3 Department of Obstetrics and Gynecology, Chung-Shan Medical University Hospital, Taichung, Taiwan

4 Inti Labs, Hsinchu, Taiwan

5 Genetic Diagnosis Laboratory, Lee Women's Hospital, Taichung, Taiwan

¢ Department of Post-Baccalaureate Medicine, College of Medicine, National Chung Hsing University,
Taichung, Taiwan

7 Institute of Medicine, Chung-Shan Medical University, Taichung, Taiwan

* Correspondence: eric@intilabs.com (E.P.Y.); jackth.lee@gmail.com (T.H.L.); Tel.:+886-3-658-1031;
Tel.: +886-4-2473-0022

t These authors have contributed equally to this work.

Abstract

Background: MicroRNAs (miRNAs) regulate gene expression critical for embryo implantation, but
integrated analyses of miRNA changes in both endometrium and plasma during the peri-
implantation period are lacking. Methods: A total of 62 endometrium and 62 plasma samples were
collected from participants undergoing hormone treatment cycles between day P+3 to P+7. Next-
generation sequencing (NGS) assay was used to profile miRNA expression levels. To identify the
dynamic differentially expressed (DE) miRNAs, we compared the following groups: P+3/P+4,
P+4/P+5, P+5/P+6, and P+6/P+7. Then, we perform functional miRNA-target interaction (MTI) and
pathway enrichment analysis to understand the biological functions of DE miRNAs. Results: A total
of 76 DE miRNAs in endometrium and 48 in plasma were identified. These miRNAs are involved in
pathways related to implantation, such as cell senescence, cell growth, apoptosis, focal adhesion,
autophagy, platelet activation and signaling. Ten DE miRNAs overlapped between endometrial
tissue and plasma, with seven showing consistent dynamic expression changes. Further analysis
revealed a high similarity in the biological pathways and functions involving the target genes of DE
miRNAs in both endometrium and plasma. Conclusions: Dynamic miRNA expression changes in
both endometrium and plasma reflect key biological processes regulating human embryo
implantation.

Keywords: periimplantation; HRT cycle; endometrium; plasma; microRNAs; Next generation
sequencing; functional enrichment analysis

1. Introduction

The peri-implantation period is critical for successful embryo implantation and subsequent
pregnancy outcomes. During this time, significant changes occur in the endometrium to create a
suitable uterine microenvironment for embryo transfer, known as the window of implantation (WOI)
[1,2]. This window typically spans day 3 to 7 post-progesterone administration in a hormone
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replacement cycle for in vitro fertilization (IVF) treatments. Research has extensively explored the
regulatory network of embryo implantation, revealing that successful implantation depends on
various factors including hormones levels, growth factors, immune responses, uterine
microenvironments, and embryo quality [3-6]. Notably, small non-coding RNAs, particularly
miRNAs, play a pivotal role in influencing implantation processes by regulating the gene expression
and epigenetic mechanisms associated with these factors [7-9].

MiRNAs are small non-coding RNAs, 20-30 nucleotides in length, with over 2,500 identified in
the human genome [10,11]. These miRNAs function as post-transcriptional gene regulators, playing
vital roles in various biological processes during the peri-implantation period. These processes
include endometrium proliferation, oocyte quality, and embryogenesis - all crucial determinants of
reproductive outcomes [8,12,13]. Given the significant role of miRNAs, various diagnostic tools
utilizing miRNA profiles from endometrial tissues have been developed to determine the optimal
timing for embryo transfer and enhance fertilization processes [14,15]. Additionally, many studies
have examined both miRNAs and implantation-related protein-coding genes to better understand
endometrial pathologies such as endometriosis, preeclampsia, endometrial cancer, and ovarian
cancer [16,17].

Various sample types, including endometrial tissues, plasma, and luminal fluid, have revealed
distinct profiles of miRNA and implantation-related protein-coding genes in patients with recurrent
implantation failure [14,15,18,19]. Furthermore, cell-free miRNAs have gained attention for their
effectiveness, stability, and non-invasive nature in supporting IVF processes. These include detecting
biochemical pregnancy loss after embryo transfer, early pregnancy, and personal receptivity stages
[8,20,21]. A blood-based diagnostic platform analyzing patient’'s miRNA expression profiles has also
been developed to support personalized embryo transfer timing determination [22]. Recent evidence
has identified dynamic cell-free miRNA profiles at multiple time points during the peri-implantation
period from zygotes to early pregnancies [9,23]. For example, miR-29b may interfere with DNA
methylation by controlling DNMT3a/b expression, potentially halting early embryonic development
in mice [24]. Decreased expressions of miR-181 and miR-223-3p on Day 4 of the WOI are crucial for
initiating implantation, as these miRNAs reduce the expression of LIF, an important marker for
implantation, thus hindering the implantation process [25,26].

Despite established findings on dynamic plasma miRNA changes during the peri-implantation
period in women with successful pregnancy [27], systematic and comprehensive studies on miRNA
expression changes in both endometrial tissue and plasma during this period are lacking. This study
aims to investigate the dynamic changes in miRNAs from day 3 to day 7 post-progesterone treatment
in a hormone replacement cycle. Using small RNA sequencing, we intend to identify dynamically
differentially expressed (DE) miRNAs in endometrial and plasma samples and explore their
biological functions.

2. Results

2.1. Validation of the Prediction Model

A total of 62 subjects participated in this study, with menstrual cycles managed using hormone
replacement therapy (HRT). Participants were divided into five groups according to sampling time
points, from the third to seventh day after progesterone treatment (P+3 to P+7): P+3 (n=12), P+4 (n=12),
P+5 (n=13), P+6 (n=13), and P+7 (n=12). General clinical characteristics —including follicle stimulating
hormone (FSH), luteinizing hormone (LH), estrogen, progesterone, and endometrial thickness —were
measured on day 2 and day 10-12 of the menstrual cycle. From P+3 to P+7, endometrial tissue and
plasma samples were collected, and hormone levels and endometrial thickness were recorded
(Supplemental Figure 1). Hormone and thickness trends across the cycle were within normal ranges:
LH was lowest on day 2, peaked on days 10-12, and declined to near-baseline by P+X. Endometrial
thickness increased progressively from day 2, with 26% of subjects (16/62) reaching their maximum
by days 10-12 (Supplemental Figure 2). Apart from endometrial thickness on days 10-12, no
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significant differences in age, BMI, hormone levels, or thickness were observed between P+3 and P+7

groups (Table 1).
Table 1. Performance of prediction model building dataset.
ANOV
P+ Day P+3 P+4 P+5 P+6 P+7 A
p-value
Sample 12 12 13 13 12 -
number
Age 31.3+4.6 292+28 303 + 4.1 31.6+4.7 306+37 | 0599
(mean + SD)
BMI 219+2.1 221+19 226+3.7 214 +24 223+24 | 079
(mean + SD)
sample number
with a history of 7 3 5 9 6 -
pregnancy
sample number
without a history of 5 9 8 4 6 -
pregnancy
FSH Day2 | 628+190 | 616+145 | 8.09+243 | 725+204 | 650+1.78 | 0.085
(mIU/ml) Dalyzlo‘ 619+2.16 | 6.05+214 | 633+1.63 | 633+208 | 615124 | 0995
(mean £ SD) T 3302 1.7 | 3882133 | 4142190 | 3262089 | 4022161 | 04I1
- Day2 | 419+143 | 409+140 | 405+1.79 | 481+385 | 4.83+3.23 | 0.880
(miU/mi) | P10 1578 878 | 14092949 | 1198712 | 1553+7.42 | 16742758 | 0.622
+SD
(mean D) = 4oy | 4662212 | 5362291 | 5082224 | 700235 | 699424 | 019
Day2 | 42.83 +29.66 | 49.67 + 1691 | 52.31 + 19.86 | 48.00 + 26.36 | 50.17 + 23.51 | 0.890
Estrogen | Day 10- | 503.4 _187.3 | 462.1 _ 137.9 | 5055 _259.1 | 6160 _317.3 | 535.1 _ 261.3
(pg/ml) 12 278 7% 4%y 8%4 7%s5 0.590
(mean + SD) 3765 1926 | 238.1 3532 _179.8 | 363.0 , 190.0 | 336.0 , 213.0
P+ day s*o 7194.36 3%g 3*o g¥3 0.341
Day2 | 033+025 | 039+031 | 0.67+057 | 032+0.17 | 048+020 | 0.059
Progesteron Dav 10-
(ng/ml) 1 030021 | 028+0.14 | 034+020 | 038+024 | 037+024 | 0.685
+SD
(mean £5D) 5" oy | 3822150 | 3902146 | 3.05:133 | 3552170 | 3.06=134 | 0.448
Endometria| Day2 | 555122 | 7.33+289 | 655+2.08 | 6.65+221 | 646+178 | 0367
”}(‘fr‘;‘)ess Da%’zlo' 943+169 | 9.78+198 | 10.00+2.67 | 1027 +1.60 | 1215+2.16 | 0.019
(mean=SD)| P+day | 1047 +253 | 10.18+2.14 | 1124+2.92 | 11.38+232 | 1213+321 | 0.397

2.2. Summary of miRNA Sequencing Data in Endometrial Tissue and Plasma Samples

To profile miRNA expression in endometrial tissue and plasma, we used NGS followed by
miRBase annotation. Sequencing results for all 62 samples are shown in Supplemental Table 1.
Because plasma miRNA levels were lower and more variable, each plasma sample was sequenced
twice for technical replication at greater depth [28]. The average human genome-mappable
sequencing depth was 4,037,654x for endometrial tissue and 6,230,647x for plasma. In tissue samples,
detectable miRNAs averaged 1,711,055 reads (43.1% of mappable reads) and 336 distinct miRNAs.
Plasma samples averaged 590,628 reads (9.5% of mappable reads) and 205 distinct miRNAs. Overall,
endometrial tissue yielded both a higher proportion of miRNA reads and a greater number of
detectable miRNAs than plasma.

2.3. Endometrial miRNA Expression Profile During the Peri-Implantation Window

We identified 76 dynamic DE miRNAs in endometrial tissues across days P+3 to P+7
(Supplemental Table 2, Figure 1A). Their expression patterns fell into two main types —increasing or
decreasing over time (Figure 1B)—with representative examples shown in Figure 1C. Increasing
patterns included hsa-miR-224-5p, hsa-miR-29b-3p, hsa-miR-29c-3p, and hsa-miR-345-5p, while
decreasing patterns included hsa-miR-3613-3p, hsa-miR-708-5p, hsa-miR-4455, and hsa-miR-9985.
Pearson correlation analysis between these 76 miRNAs and five clinical characteristics (Supplemental
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Figure 3, Supplemental Table 3) revealed several significant associations. LH levels negatively
correlated with hsa-miR-203a-5p, hsa-miR-29b-3p, hsa-miR-29c-3p, hsa-miR-30b-5p, hsa-miR-30d-
3p, and hsa-miR-30d-5p. Estrogen levels positively correlated with hsa-miR-1299, hsa-miR-1303, hsa-
miR-144-3p, and hsa-miR-9-3p. Endometrial thickness negatively correlated with hsa-miR-29¢-3p,
hsa-miR-30d-5p, and hsa-miR-34b-5p, and positively correlated with hsa-miR-4635 and hsa-miR-675-
5p. These results suggest that certain dynamic DE miRNAs may influence LH, estrogen, and
endometrial thickness. We also compared miRNA profiles between subjects with and without a
history of pregnancy using the same criteria for dynamic DE miRNA identification. No significant
differences were observed (Supplemental Table 4), which may be attributable to the limited sample
size.
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Figure 1. Overview of dynamic DE miRNAs discovered in endometrial tissue. (A) Heatmap plot showing 76
dynamic DE miRNAs identified from 62 endometrial tissue samples sorted top to bottom by their pattern of
change. The complete list of 76 dynamic DE miRNAs is shown in Supplemental Table 2. (B) The 76 dynamic DE
miRNAs are classified into two main categories based on their expression patterns: 1) “increasing pattern”,
where expression levels increase over time, and 2) “decreasing pattern”, where expression levels decrease over
time. Further classification divides these patterns into four subcategories based on the changes observed between
day P+3 and P+7. In the “increasing pattern” category, from left to right: the first graph shows an initial decrease
followed by an increase (lowest point at day P+4); the second shows a continuous increase; the third graph shows
an initial increase followed by a decrease (peak at day P+6 ); and the fourth shows an increase followed by a
decrease (peak at day P+5). The x-axis represents days P+3 to P+7, while the y-axis represents miRNA expression
levels. The “decreasing pattern” subcategories exhibit the opposite trend of the “increasing pattern”
subcategories. (C) One representative dynamic DE miRNA is selected for each of the 8 expression patterns
described in (B).

2.4. Functional Analysis of Endometrial Dynamic DE miRNAs

To explore the role of dynamic DE miRNAs in endometrial tissue during the peri-implantation
period, we first identified their target genes using miRTarBase (a database of experimentally
validated microRNA-target interactions, Supplemental Table 5). Cytoscape [29] was then used to
construct a gene network illustrating interactions between these miRNAs and their targets (Figure
2A and 2B). The network highlights miRN As with increasing expression patterns (e.g., hsa-miR-29b-
3p, hsa-miR-224-5p, hsa-miR-30d-5p) and decreasing patterns (e.g., hsa-miR-429, hsa-miR-449a, hsa-
miR-708-5p, hsa-miR-362-5p, hsa-miR-15b-3p). Several genes—including BCL2, CASP3, CCND1,
CDC42, GSK3B, MYC, and ZEB2—are regulated by two or more dynamic DE miRNAs. BCL2 is
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regulated by 11 miRNAs, while genes such as IGFIR, PTEN, MYC, CDK6, E2F3, CDC25A, CDK4,
MYCN, RUNX2, and ZEB1 are regulated by more than five miRNAs (Supplemental Table 6),
suggesting these targets may play key roles in endometrial changes during the peri-implantation
period. Functional analysis of these target genes using KEGG, Gene Ontology, and Reactome
databases identified implantation-related pathways and biological functions (Figure 2C,
Supplemental Table 7), including PI3K-Akt, FoxO, Ras/MAPK, JAK-STAT, WNT, and relaxin
signaling, as well as processes such as cell senescence, apoptosis and growth, focal adhesion,
cytoskeletal regulation, and IL-4/IL-13-mediated immune responses. Autophagy, which increases
during the secretory phase, also contributes to embryo implantation by regulating endometrial
receptivity and decidualization [30].

Cellular senescence NN s:
Apoptosis [N <
Regulation of actin cytoskeleton [N <0
Focal adhesion | o
Autophagy -animal [N 1
PI3K-Akt signaling pathway [ o
FoxO signaling pathway [N <7
MAPK signaling pathway | 55
Ras signaling pathway [N <
JAK-STAT signaling pathway [N <0
Relaxin signaling pathway [N <
gland development |
regulation of apoptotic signaling pathway |
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Figure 2. Target gene and functional enrichment analysis of dynamic DE miRNAs discovered in endometrial
tissue. The miRNA-mRNA network is constructed using dynamic DE miRNAs and their target genes, including
those with increasing patterns (A) and decreasing patterns (B). Dynamic DE miRNAs are highlighted in yellow.
Target genes targeted by one dynamic DE miRNA are highlighted in light blue, while those regulated by two or
more dynamic DE miRNAs are highlighted in dark blue. Supplemental Table 5 provides a comprehensive list
of dynamic DE miRNAs and their target genes. (C) Functional enrichment analysis employs Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways, Gene Ontology (GO) biological process, and Reactome pathway
database. The y-axis displays enriched pathways and biological functions, while the x-axis shows the number of

target gene involved in the pathway or biological function.

2.5. Plasma Dynamic DE miRNAs and Their Biological Functions During the Peri-Implantation Window

To assess whether dynamic DE miRNAs in plasma reflect changes observed in endometrial
tissue, we identified 48 dynamic DE miRNAs in plasma (Figure 3, Supplemental Table 8). These were
categorized into increasing (e.g., hsa-miR-182-5p) and decreasing patterns (e.g., hsa-miR-1260b, hsa-
miR-7-5p, hsa-miR-99a-5p). Target genes of these miRNAs were identified using miRTarBase, and
gene networks were constructed with Cytoscape (Figure 4A-B, Supplemental Table 9). PTEN was
regulated by hsa-miR-182-5p and hsa-miR-382-5p, while BAX, EGFR, and IGF1R were regulated by
hsa-miR-122-5p, hsa-miR-7-5p, and hsa-miR-99a-5p. Genes regulated by more than five miRNAs

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.2429.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 October 2025 d0i:10.20944/preprints202510.2429.v1

6 of 17

included BCL2, IGF1R, PTEN, MYC, VEGFA, EGFR, and MCL1 (Supplemental Table 6). Functional
analysis of these targets revealed implantation-related signaling pathways, including PI3K-Akt,
Ras/MAPK, JAK-STAT, ESR, WNT, neurotrophin, and relaxin pathways, as well as immune-related
pathways such as Toll-like receptor, NOD-like receptor, chemokine, and interleukin signaling (Figure
4C, Supplemental Table 10). Additional relevant biological functions included cell senescence,
apoptosis, proliferation, focal adhesion, autophagy, and platelet activation, signaling, and
aggregation—a critical process in folliculogenesis, ovulation, placental development, implantation,
and embryo development [31].
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Figure 3. Overview of dynamic DE miRNAs identified in plasma samples. (A) Heatmap plot displaying 48
dynamic DE miRNAs identified from 62 plasma samples arranged top to bottom based on their pattern of
dynamic change. The full list of these 48 dynamic DE miRNAs can be found in Supplemental Table 8. (B) Four
examples of dynamic DE miRNAs that exhibit drastic changes: hsa-miR-182-5p, which shows an "increasing
pattern”, while hsa-miR-1260b, hsa-miR-7-5p, and hsa-miR-99a-5p display a "decreasing pattern”.
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Figure 4. Target gene and functional enrichment analysis of dynamic DE miRNAs identified in plasma samples.
The miRNA-mRNA network is constructed using dynamic DE miRNAs and their target genes, including those
with increasing (A) and decreasing (B) expression patterns. Dynamic DE miRNAs are shown in yellow, while
target genes are color-coded: light blue for those targeted by a single dynamic DE miRNA, and dark blue for
those targeted by two or more. A comprehensive list of dynamic DE miRNAs and their target genes is available
in Supplemental Table 9. (C) Functional enrichment analysis conducted using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways, Gene Ontology (GO) biological processes, and the Reactome pathway
database. The y-axis presents enriched pathways and biological functions, while the x-axis indicates the number

of target genes involved in each pathway or function.

2.6. Comparison of Dynamic DE miRNAs Between Endometrial Tissue and Plasma Samples

To evaluate whether dynamic DE miRNAs in plasma reflect endometrial tissue status, we
compared the miRNAs, their target genes, and associated pathways between the two sample types.
Of the 76 dynamic DE miRNAs in endometrial tissue and 48 in plasma, 10 overlapped (Figure 5),
with 7 showing similar expression patterns: hsa-miR-181-3p, hsa-miR-339-5p, hsa-miR-342-3p, hsa-
miR-3529-3p, hsa-miR-375-3p, hsa-miR-3960, and hsa-miR-7-5p. The remaining three —hsa-miR-
1303, hsa-miR-8485, and hsa-miR-3135b—did not show consistent patterns. Common target genes
regulated by more than five dynamic DE miRNAs in both plasma and tissue included BCL2, IGF1R,
PTEN, and MYC (Supplemental Table 6). Functional analysis revealed enrichment in similar
pathways and processes, including PI3K-Akt, Ras/MAPK, JAK-STAT, WNT, and relaxin signaling,
as well as cell senescence, apoptosis, focal adhesion, autophagy, and platelet activation, signaling,
and aggregation (Figures 2C and 4C). While only seven miRNAs showed consistent dynamic
expression, the overlap in target genes and pathways suggests that plasma miRNAs may partially
reflect the biological state of endometrial tissue.
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Figure 5. Dynamic DE miRNAs overlapping in endometrial tissue and plasma samples. The 10 overlapping
dynamic DE miRNAs in endometrial tissue and plasma samples are sorted by miRNA name from left to right.
The x-axis displays day P+3 to P+7 groups, while the y-axis shows the relative expression level (relative to day
P+3 group). Blue lines indicate the relative expression levels in endometrial tissue, and red lines represent those

in plasma samples.

3. Discussion

The peri-implantation period is critical for embryo implantation and pregnancy outcomes. To
investigate the role of miRNAs during this timeframe, we profiled dynamic miRNA changes in
endometrial tissue and plasma from day P+3 to P+7 post-progesterone treatment using NGS. We
identified 76 and 48 dynamic DE miRNAs in endometrial tissue and plasma, respectively. These
miRNAs regulate key implantation-related pathways and functions, including cell senescence,
proliferation, apoptosis, focal adhesion, autophagy, and platelet activation and signaling.
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While earlier studies have characterized miRNA dynamics during this period using plasma [27],
our study is the first to systematically profile dynamic DE miRNAs from both endometrial tissue and
plasma, along with their biological functions. We reveal how these miRNAs regulate key pathways
across different time points in the peri-implantation period. Because tissue sampling and embryo
implantation cannot typically occur in the same cycle, parallel analysis of tissue and plasma miRNAs
offers broader insight into endometrial physiology and supports the potential of plasma miRNAs as
non-invasive markers of endometrial status.

This study has two main limitations. First, the sample size for each time point (P+3 to P+7) was
moderate —12-13 endometrial tissue and plasma samples —sulfficient for preliminary insights but not
for minimizing variability, particularly in plasma miRNA expression (Table 1). A larger cohort would
improve data stability and accuracy. Second, plasma sample quality varied more than tissue samples,
with greater differences in sequencing metrics such as total reads, mapped reads, miRNA reads,
miRNA ratio, and detectable miRNAs (>20 reads). Some plasma samples showed notably low values
(data not shown). Using specialized blood collection tubes that preserve cell-free nucleic acids could
improve plasma sample stability.

Among the top-ranked target genes regulated by dynamic DE miRNAs (Supplemental Table 6),
several play key roles in implantation and pregnancy. BCL2 regulates oocyte and embryo survival or
apoptosis, influencing decidual regression [32,33]. IGF1R promotes epithelial cell proliferation and
uterine growth during early pregnancy [34,35]. In mice, PTEN depletion in myometrial and
stromal/decidual cells impairs trophoblast invasion and decidual regression [36]. Aberrant PTEN
downregulation and Akt activation disrupt endometrial cell growth and death, potentially reducing
receptivity in infertile women with intramural fibroids during the midsecretory phase [37]. MYC
supports implantation by promoting ovarian steroid secretion [38]. CDK6 regulates uterine stromal
cell decidualization and polyploidy, both critical for implantation [39,40].

During the peri-implantation period, endometrial proliferation and remodeling are essential for
embryo implantation. Our functional analysis revealed key pathways and processes, including
Ras/MAPK, PI3K-Akt, JAK-STAT, and ESR signaling, as well as cell senescence, growth, apoptosis,
and focal adhesion [41-44]. We also identified several notable pathways, including autophagy —a key
process for degrading long-lived proteins and organelles that maintains tissue homeostasis, with
disruptions potentially causing severe consequences [45]. Recent studies show that autophagy is
essential for both normal and pathological endometrial processes, including menstruation,
decidualization, endometriosis, endometrial cancer, and infertility [46,47]. Platelet activation
supports folliculogenesis, ovulation, placental development, implantation, and embryogenesis [31],
and intrauterine platelet-rich plasma can enhance endometrial receptivity and improve pregnancy
outcomes [48-50]. However, excessive platelet activation has been linked to ovarian hyperstimulation
syndrome (OHSS) and preeclampsia, with low-dose aspirin shown to reduce OHSS risk during
ovulation induction [31,51] .

Analysis of endometrial tissue and plasma samples revealed 76 dynamic DE miRNAs in tissue
and 48 in plasma, with only 7 overlapping. Despite this, target gene, biological function, and pathway
analyses showed strong similarities, suggesting that circulating cell-free miRNAs in plasma have the
potential to reflect endometrial status. Additionally, circulating cell-free miRNAs show promise as
biomarkers in reproductive medicine [16]. Previous studies show that plasma circulating cell-free
miRNA profiles can identify whether the uterus is receptive to embryo implantation [22].
Furthermore, circulating cell-free miRNAs might serve as diagnostic tools for conditions such as
endometriosis and polycystic ovary syndrome [52-54]. In addition to reproductive disease,
circulating cell-free miRNAs dysregulated in malignant tumor also had been proven to be the
surrogate markers for detecting colorectal cancer and non-small cell lung cancer [55,56], and in other
chronic diseases, such as atherosclerotic abdominal aortic aneurysm and diabetes, as well as asthma
[57-59]. These findings highlight that circulating cell-free miRNAs could offer a non-invasive
alternative to tissue sampling for disease diagnosis. Blood collection is feasible, painless, time-saving,
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and non-invasive. Moreover, the stability of circulating cell-free miRNAs are notably stable,
protected from endogenous RNase activity, making them reliable for laboratory analysis. [60-62].

Given that Day P+5 is typically considered the most critical and standardized timing for embryo
transfer [63,64], and some of these miRNAs have been associated with endometrium function or
embryo implantation in prior research. Studies showed that hsa-miR-345-5p, together with other
miRNAs, regulates the expression level of several cell cycle genes in the secretory-phase of
endometrium [65]. Hsa-miR-150-5p have also been linked to biological pathways that could affect
embryo implantation [19]. MiR-140-3p targets IGF1R and regulate cellular function s and pathways
such as Hippo signaling pathway, RNA transport, TGF-beta signaling pathway, Oocyte meiosis,
Fatty acid metabolism, Gap junction and invasion of endometrial epithelial cells over peri-
implantation period in rat model [66]. While functional study of each miRNA remains to be
performed, our study has illustrated that miRNAs expression changes in plasma can be reflective of
the status of the endometrium.

4. Materials and Methods

4.1. Ethical Approval

This single-center cohort study was conducted from July 2022 to June 2024. The study protocol
was approved by the Institutional Review Board of Chung Shan Medical University Hospital (IRB
number CS52-22033), and study subjects were included only after written informed consent forms
were obtained.

4.2. Study Population

This study was conducted at Lee Women’s Hospital in Taichung, Taiwan, from July 2022 to June
2024. The inclusion criteria were as follows: 1) age between 25 and 38 years; 2) regular menstrual
cycles of 28-32 days; 3) body mass index (BMI) between 18 and 30 kg/m2; and 4) serum progesterone
(P4) level < 1 ng/mL prior to medication administration. Exclusion criteria included: 1) suspected
uterine abnormalities; 2) women breastfeeding their children; 3) history of pelvic inflammatory
disease, reproductive tract diseases, sexually transmitted diseases, systemic diseases, endocrine
disorders, or other major illnesses; and 4) use of hormonal contraceptives or intrauterine devices
within the past 3 months. A total of 62 volunteers who met the inclusion criteria were recruited and
assigned to groups. Volunteers started oral estradiol valerate (Estrade Estrade® 2 mg/tablet;
Synmosa) 6 mg per day from day 2 of their menstrual cycle and returned for hormonal assessment
on day 10-12. Upon confirming a serum progesterone (P4) level < 1 ng/mL, all participants began
receiving daily subcutaneous progesterone injections (Prolutex, IBSA, Switzerland) starting from day
10-12 of the cycle. The total dose of progesterone differed among groups according to the assigned
sampling day (P+3 to P+7), as it corresponded to the number of consecutive days of progesterone
administration before sample collection. For example, participants in the P+3 group received
progesterone for three consecutive days, whereas those in the P+7 group received seven days of
progesterone. Endometrial tissue and peripheral blood samples were collected immediately after the
last progesterone dose on the designated P+ day.

4.3. Endometrial Tissue and Plasma Sample Collection and Preparation

Endometrial tissue was collected by a pipelle (UNIMAX, New Taipei City, Taiwna, Cat. No.
FEM103600) and then preserved in RNAlater solution (Thermo Fisher Scientific, MA, USA, Cat. No.
AM?7022). Peripheral blood samples (5-10 mL per subject) were obtained from subjects undergoing
hormone treatment cycle. The peripheral blood sample was collected into EDTA tubes (BD, MIS,
Canada, Cat. No. 367525) or Plasma Preparation Tubes (BD, MIS, Canada, Cat. No. 362788). After the
peripheral blood samples were collected, the tubes were inverted at least five times and processed
within 60 min. Each specimen was centrifuged at 1200 g for 10 min at room temperature to separate
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plasma from cells. The supernatant was transferred to new tubes and centrifuged at 12,000x g for 10
min. The plasma samples were subsequently transferred to new tubes and stored at -80 °C.

4.4. Endometrial Tissue Small RNA Extraction

Tissue small RNAs were extracted from approximately 5 milligrams (mg) of endometrial tissue
using the miRNeasy Micro Kit (QIAGEN, Hilden, Germany, Cat. No. 217804) according to the
manufacturer's instructions. Tissue small RNA was then eluted in nuclease-free water. The
concentration was measured using the Qubit microRNA Assay Kit (Thermo Fisher Scientific, MA,
USA, Cat. No. Q32880). For each sample, 10 ng of miRNA was used as the input for subsequent
library construction.

4.5. Plasma Small RNA Extraction

Small RNA was isolated from 200-600 pL of plasma with miRNeasy Serum/Plasma Advanced
Kit (QIAGEN, Hilden, Germany, Cat. No. 217204) following the manufacturer’s protocol.
Subsequently, the plasma RNA was eluted in nuclease-free water. The concentration was quantified
by using Qubit microRNA Assay Kit (Thermo Fisher Scientific, MA, USA, Cat. No. Q32880). For each
sample, at least 10ng miRNA was used as input for the following library construction.

4.6. miRNA Library Construction and Sequencing

The miRNA sequencing library was constructed using the QIAseq miRNA Library Kit
(QIAGEN, Germany, Cat. No. 331502). In brief, the miRNA sequencing library was prepared by the
following steps: (1). 3’-adaptor ligation with pre-adenylated adaptor; (2). 5’-adaptor ligation with
sequenced primers; (3). cDNA synthesis using reverse transcription primers with a unique molecular
index (UMI) assigned to every miRNA muolecule, allowing the identification of individual molecules;
(4). cDNA cleanup; (5). PCR amplification using primers with sample barcode; (6). library cleanup.
The quality of the library was checked using the 5200 Fragment Analyzer System (Agilent
Technologies, CA, USA). The size of the library product is between 190 and 220 bps. The library was
quantified by Qubit (Thermo Fisher Scientific, USA, Cat. No. Q32851), and the concentration must be
more than 1 ng/pL for the following sequencing assay. The library was sequenced using single-end
75 bp reads on the Illumina NextSeq 550 (Illumina, CA, USA) as per the manufacturer’s instructions.

4.7. NGS Data Analysis Pipeline

A NGS data analysis pipeline was built to analyze the data, with the following protocols: (1).
Data were preprocessed by performing quality control on raw fastq data, including trimming adapter
sequences, and removing low-quality reads using FastQC [67] and Trimmomatic [68]. After trimming
low-quality (Q value < 20) ends from reads in addition to adapter removal, reads shorter than 17bps
or longer than 55bps were discarded. (2). Alignment of processed reads to Human Genome Assembly
GRCh38 (hg38) reference genome and a specific set of small RNA sequences from miRBase was
performed by using aligners such as Bowtie [69,70]. (3). Quantification of extracted reads from the
data by mapping the aligned reads using samtools and obtained reference annotations using miRBase
(total 2656 miRNAs) [71]. The read counts of each miRNA were used as the expression value for
further data analysis.

4.8. Identification of Dynamic and DE miRNAs

Limited by the small sample size, the differences in miRNA abundance among P+3 to P+7 groups
were analyzed by the following steps: (1) each miRNA read was divided by the total mapped miRNA
reads for data normalization; (2) the normalized data was log2-transformed and then multiplied by
10,000,000 to obtain the final miRNA expression level; (3) determine miRNAs that were expressed in
atleast 75% of the samples (for example, in at least 47 out of total 62 samples) and showed a difference
of more than 0.3 or less than -0.3 between the following group pairs: P+3 and P+4, P+4 and P+5, P+5
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and P+6, and P+6 and P+7. Finally, to identify the dynamic and DE miRNAs, we calculate the absolute
differences between the group pairs, sum them up, and filter for values greater than 0.5. The p-value
of Student’s t-test for each group pairs were also calculated in supplemental table 2 and 8.

4.9. miRNA List and Target Gene Retrieval

Based on DE miRNA lists from endometrial tissue and plasma samples, we used the multiMiR
R package to retrieve validated miRNA-target gene interactions [72]. Specifically, we focused on
interactions supported by "Functional MTI" (miRNA-target interaction) evidence from the
miRTarBase database [73]. This ensured that only high-confidence and experimentally validated
interactions were included in our analysis.

4.10. Pathway Enrichment Analysis

Pathway enrichment analysis was performed using the clusterProfiler R package [74]. We used
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway [75], biological process (BP) of Gene
Ontology (GO) [76] and Reactome [77] database to identify significantly enriched pathways among
the target genes. To ensure comprehensive coverage of potential genes and pathways in this analysis,
we derived a background gene set from the Ensembl database [78] using the BioMart tool with the
following criteria: (1) Species: Human (GRCh38.p14); (2) Gene Type: Only protein-coding genes were
selected to focus on genes with known coding potential; (3) Gene Ontology (GO) Terms: The dataset
was filtered to include only genes associated with GO terms, ensuring functional annotations for
subsequent enrichment analyses; (4) NCBI Gene ID: The unique identifier from the NCBI Gene
database. Ultimately, we obtained 19,237 genes as the background for enrichment analysis. The P-
values of pathway enrichment analysis were adjusted for multiple testing using the Benjamini-
Hochberg method to control the false discovery rate. The enriched pathways were further refined by
selecting those with a target gene count exceeding 40 and those related to implantation, as
determined through a literature search in the PubMed database.

4.11. Correlation Analysis Between Clinical Characteristics and DE miRNAs

To analyze the correlation between clinical characteristics and differentially expressed (DE)
miRNAs, we used the Pearson correlation coefficient as the analytical method. The t score was
calculated using the following formula:

T

1—r2
n—2

t =

where r is the correlation coefficient value and n is the total sample size, and then, the p value was
also determined [79].

5. Conclusions

This study shows that dynamic changes of miRNAs expression occur in both endometrial tissue
and plasma during the periimplantation period. The identified DE miRNAs are involved in critical
pathways regulating cellular processes essential for embryo implantation. These findings provide
new insights into the molecular mechanisms underlying implantation and highlight the potential of
circulating and endometrial miRNAs as biomarkers for endometrial receptivity and implantation
success.

6. Patents

The patent has been filed as a provisional application.
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Supplementary Materials: The following supporting information can be downloaded at: at the website of this
paper posted on Preprints.org, Figure S1: Overview of the study design. Participants underwent a hormone
replacement therapy (HRT) cycle; Figure S2: The change of clinical characteristics during peri-implantation
period; Figure S3: Correlation analysis between clinical characteristics and dynamic DE miRNAs in endometrial
tissue; Table S1: Summary of Next Generation Sequencing result; Table S2: Complete list of 76 dynamic
differentially expressed miRNAs in endometrial tissues; Table S3: Raw data of correlation analysis between
clinical characteristics and dynamic DE miRNAs in endometrial tissue; Table S4: Comparison of miRNA profile
between subjects with a history of pregnancy and those without; Table S5: miRNA-target gene analysis result of
76 dynamic differentially expressed miRNAs in endometrial tissues; Table S6: The most common target genes
targeted by dynamic DE miRNAs in both endometrial tissue and plasma samples; Table S7: Pathways and
biological functional enrichment analysis of 76 dynamic differentially expressed miRNAs in endometrial tissues;
Table S8: Complete list of 48 dynamic differentially expressed miRNAs in plasma samples; Table S9: miRNA-
target gene analysis of 48 dynamic differentially expressed miRNAs in plasma samples; Table S10: Pathways
and biological functional enrichment analysis of 48 dynamic differentially expressed miRNAs in plasma
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The following abbreviations are used in this manuscript:

BMI Body mass index

BP Biological process

DE miRNAs Differentially expressed miRNAs
FSH Follicle stimulating hormone

GO Gene Ontology

HRT Hormone replacement therapy
IVF In vitro fertilization

KEGG Kyoto Encyclopedia of Genes and Genomes
LH Luteinizing hormone
microRNAs miRNAs

MTI miRNA-target interaction
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NGS Next-generation sequencing
UMI Unique molecular index
WOI Window of implantation
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