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ABSTRACT

Estrus represents a critical phase in the porcine
reproductive cycle and relies on functional ovarian
development and coordinated steroidogenesis. Granulosa
cells (GCs) mediate these processes by secreting estradiol
(E5) and progesterone (P,), which are essential for
follicular maturation and ovulatory competence. While
circular RNAs (circRNAs) have been implicated in steroid
hormone synthesis, their involvement in the regulation of
gilt estrous remains unclear. In this study, circRNA
sequencing was performed on ovarian tissues of estrus
(ES) and non-estrus (NES) gilts, resulting in the
identification of a novel circRNA, termed circular SHOC2
leucine rich repeat scaffold protein (circSHOC2), which
exhibited marked up-regulation in ES ovaries. Functional
assays demonstrated that circSHOC2 overexpression
enhanced E, and P, synthesis and increased the protein
levels of key steroidogenic enzymes. Mechanistic
investigation revealed that circSHOC2 sponges miR-130b-
5p. Silencing miR-130b-5p significantly enhanced E, and
P, production, along with the up-regulation of
steroidogenic proteins. Additionally, miR-130b-5p targeted
ASH1-like histone lysine methyltransferase (ASH1L), while
its  overexpression  significantly inhibited ASH1L.
Cotransfection experiments revealed that ASH1L mitigated
the inhibitory effects of miR-130b-5p on E, and P,
synthesis in GCs. These findings establish a regulatory
axis in which circSHOC2 modulates steroidogenic capacity
in porcine GCs via the miR-130b-5p/ASH1L pathway,
offering mechanistic insight into the molecular basis of gilt

estrus and providing potential targets to enhance
reproductive efficiency.
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INTRODUCTION

Efficient gilt reproduction underpins herd productivity and
directly influences the profitability of commercial swine
production. However, approximately 10% of gilts fail to exhibit
their first estrus by 8 months of age and are eliminated from
breeding programs (Xin etal., 2018). Estrus onset is
orchestrated by follicular development within the ovary, during
which granulosa cell (GC)-derived estrogen signals the brain
to initiate estrous behavior (Dial et al., 1983). Impaired follicular
development disrupts steroidogenesis and represents a primary
cause of estrous failure in gilts (Knox, 2024; Langendijk et al.,
2000). Estradiol (E,) and progesterone (P,), the principal steroid
hormones synthesized by ovarian GCs (Feng etal., 2019;
Kolesarova et al., 2017; Rodway et al., 1999; Sirotkin, 1994),
are essential for orchestrating follicular maturation (Ting et al.,
2015), regulating estrous cyclicity (Domingues et al., 2023),
and supporting early pregnancy (Geisert et al., 2024). Although
steroid hormone synthesis is influenced by genetic
predisposition (Liu et al., 2024), nutritional status (Xiong et al.,
2024), and environmental factors (Knox, 2024), the precise
mechanisms underlying regulatory networks remain poorly
understood. Enhancing steroidogenic output in GCs therefore
offers a promising strategy to promote estrus onset and improve
reproductive efficiency in gilts (Am-In et al., 2020; Ziecik et al.,
2020).

Circular RNAs (circRNAs), a subclass of noncoding RNAs
(ncRNAs), are known for their tissue-specific, cell-specific, and
developmental stage-specific expression patterns (Jeck et al.,
2013; Ma etal., 2023). Multiple studies have documented
circRNA expression changes during ovarian development,
folliculogenesis, and the estrous cycle across various species,
including mice (Jia et al., 2018), pigs (Liang et al., 2017), cattle
(Fu etal., 2018), and goats (Xu etal., 2021). While these
findings suggest that circRNAs play an important role in the
estrous cycle and follicular development, their expression
dynamics and regulatory functions during estrus (ES) and non-
estrus (NES) stages in gilts remain uncharacterized. Our
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research identified a novel circRNA, circular SHOC2 leucine
rich repeat scaffold protein (circSHOCZ2), which regulates GC
steroid hormone synthesis via the miR-130b-5p/ASH1-like
histone lysine methyltransferase (ASH1L) pathway.

CircRNAs regulate mRNA translation by acting as molecular
sponges for microRNA (miRNA) response elements (MREs),
thereby preventing miRNAs from binding to their target MRNAs
(Patop et al.,, 2019). Transcriptomic and functional analyses
identified miR-130b-5p as a direct target of circSHOC?2.
Although miR-130b-5p has been implicated in tumorigenesis
(Chen et al., 2018; Zhang et al., 2019), cell proliferation (Feng
et al., 2024), and lipid metabolism (Liu et al., 2020), its biological
significance in reproductive endocrine function remains unclear.
This knowledge gap underscores the need to investigate
downstream effectors mediating its influence on ovarian
steroidogenesis.

Comprehensive analyses have identified ASH1L as a direct
target of miR-130b-5p and a critical hub connecting upstream
regulatory signals to downstream steroidogenic pathways.
ASH1L encodes a histone methyltransferase that catalyzes
H3K36-specific modifications (Miyazaki etal., 2013) and
contributes to cellular differentiation (Xia etal.,, 2017),
embryonic development (Brinkmeier etal., 2015), and cell
proliferation (Li etal., 2017). Aberrant ASH1L expression
disrupts ovarian homeostasis: overexpression in mouse
oocytes induces apoptosis, depletes primordial follicle pools,
and accelerates reproductive senescence (Zhang et al., 2022b),
while its suppression in cumulus cells impairs proliferation and
promotes apoptosis (Cui etal.,, 2021). These findings imply
that ASH1L is a key modulator of female reproductive
physiology. Nevertheless, its potential involvement in steroid
hormone biosynthesis has yet to be clarified.

In this study, circRNA sequencing of ovaries from ES and
NES gilts revealed circSHOC2 as the most significantly
differentially expressed transcript. Functional investigations
demonstrated that circSHOC2 enhances steroid hormone
synthesis in GCs by sponging miR-130b-5p and relieving post-
transcriptional repression of ASH1L. These results identify
circSHOC2 as a previously unrecognized regulator of GC
steroidogenic function and establish a mechanistic link between
noncoding RNA signaling and ovarian endocrine activity.

MATERIALS AND METHODS

Estrus identification in gilts

From 160 days of age, New French Yorkshire gilts were
exposed to mature boars twice daily for over 30 min per session
to stimulate estrus expression, using boars as the primary
stimulus and BOAR BETTER pheromones (Vetoquinol, France)
as a supplemental cue (McGlone et al., 2023). Beginning at
165 days, estrus-related behaviors and timing were recorded
using individual file cards. Estrus was identified based on
external genital changes, including vulvar redness, swelling,
mucous discharge, and positive standing reflex (Yang et al.,
2018). Vulvar morphology was monitored to classify gilts as
non-estrus, in diestrus, or in estrus (Supplementary Figure S1).
Postmortem examination of ovarian morphology, follicular
development, and corpus luteum presence confirmed the
absence of silent estrus or ovarian cysts in NES gilts
(Supplementary Figure S2).

Sample selection and preparation for sequencing
Sample selection criteria for ES and NES gilts followed

protocols established in previous studies (Shi et al., 2023b). At
a breeding pig farm in Shaanxi Province, 643 healthy, lineage-
verified New French Yorkshire sows with at least three parities
(average litter size 212.5) and a minimum of seven pairs of
teats were selected as the maternal stock to establish the core
breeding population (CO generation). From 102 litters (290 C1
generation gilts), estrus detection commenced at 165 days of
age. Gilts exhibiting two consecutive estrus cycles were
classified as ES, those displaying a single estrus cycle were
designated as irregular, and those showing no signs of estrus
were defined as NES. Of the 102 litters, 24 consisted entirely
of ES gilts, 12 consisted entirely of NES gilts, and 32 exhibited
irregular estrus patterns. In the remaining 34 litters, both ES
and NES gilts were present. To study the differences between
full-sibling individuals with estrus and non-estrus, we excluded
4 litters with inconsistent body condition from the 34 litters
that met the experimental requirements, ultimately selecting
30 litters. From the same litter, one ES gilt and one NES gilt
were selected, and the ES gilt was slaughtered during its third
estrus period. A total of 6 groups were slaughtered, including
6 ES gilts and their corresponding full-sibling NES gilts. The
right ovaries were frozen and stored at —80°C for subsequent
sequencing result verification, while the left ovaries were used
for circRNA sequencing. All animal protocols were approved by
the Committee for the Ethics on Animal Care and Experiments
of Northwest Agriculture and Forestry University (No. NWAFU-
202106025).

CircRNA sequencing and identification

Total RNA was extracted from ovarian tissue samples
(Supplementary Table S1), and ribosomal RNA was removed
to construct a strand-specific library. The library was prepared
for sequencing using the lllumina NovaSeq™ 6000 platform
(USA), with a paired-end sequencing read length of 2x150 bp.
Raw reads were processed to remove adapters and low-quality
reads (Supplementary Table S2). Clean reads were aligned to
the Sus scrofa reference genome Sscrofa11.1 using HISAT
(Kim et al., 2015). Analysis was performed based on the gene
location information in the genome annotation file
(Supplementary Table S3).

CircRNA identification was performed using CIRCexplorer2
and CIRI (Gao et al., 2015; Zhang et al., 2016), which detect
circRNAs based on their structural and splicing sequence
features. The prediction results from both tools were integrated
by overlapping the predicted circRNA start and end sites.
Candidate circRNAs were then annotated according to their
genomic locations and gene associations. HTSeq was used
to quantify circRNA expression as read counts, which were
normalized to RPM values. The number of splicing site
sequences was also determined (Anders et al., 2015).

Primary culture and transfection of porcine ovarian GCs

Primary porcine GCs were isolated and cultured following
previously described protocols (Gao et al., 2023b). Ovaries (n=
30) were collected from healthy pigs at the Yangling Benxiang
Group slaughterhouse. Ligaments were removed, and the
ovaries were incubated at 37°C in normal saline containing
100 U/mL penicillin/streptomycin. Healthy follicles measuring 3
-5 mm in diameter were selected, and follicular fluid containing
GCs was aspirated using a 20 mL syringe. The suspension
was subsequently centrifuged at 800 xg for 10 min at 17°C,
after which the supernatant was discarded. The cell pellet was
resuspended in Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM/F12) containing 10% fetal bovine serum
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(FBS). Cells were dispersed by repeated pipetting, seeded into
culture plates at 10° cells/cm?, and incubated at 37°C in a 5%
CO, atmosphere. After 24 h, non-adherent cells were removed
by washing with phosphate-buffered saline (PBS), and fresh
medium was added for continued culture. Cells were
subcultured once they reached 50%-60%. After 24 h of
transfection, both the culture medium and cells were harvested
for further analysis. GCs were transfected using the following
reagents: circSHOC2-PCD5 (1 000 ng/mL, Guangzhou Jisai
Biotech, China), si-circSHOC?2, the miR-130b-5p inhibitor, the
miR-130b-5p mimics, and si-ASH1L (50 nmol/L, Shanghai Jima
Biotech, China). All reagents were used according to the
manufacturer’s protocols. Sequence information is provided in
Supplementary Table S4. Experimental replicates were set
according to the requirements of each assay.

RNA isolation and reverse transcription quantitative PCR
(RT-qPCR)

Total RNA was extracted from treated GCs, and expression
levels of steroid hormone—related mMRNAs were measured using
RT-gPCR. cDNA was synthesized from 500 ng of total RNA
using the HiScript lll RT SuperMix for gPCR (Vazyme, China).
RT-qPCR was performed with SYBR PCR mix (Vazyme, China)
on a StepOne Real-Time PCR system (ABl, USA). Each
reaction contained 25 ng of cDNA and 400 nmol/L primers,
with B-actin used as the internal control. Relative mRNA
expression levels were calculated using the 2722C method.
Primer specificity and amplification efficiency ranged from 90%
to 110%. Each experimental group included at least three
biological replicates and three technical replicates. Primer
sequences and RT-qPCR thermal cycling conditions are
provided in Supplementary Tables S5, S6.

Western blot analysis

Western blotting was performed with three biological replicates
per experimental group. Cultured GCs were lysed using ice-
cold radio immunoprecipitation assay (RIPA) protein lysis buffer
(Beyotime, China) supplemented with a protease inhibitor
(Pierce, USA). Equal amounts of protein (20 ug) were separated
using 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), with a tri-color prestained protein
marker (WJ103, Yamei, China) used to indicate molecular
weights. The separated proteins were transferred onto
polyvinylidene difluoride (PVDF) membranes (Cell Signaling
Technology (CST, USA)) and incubated (4°C, 8h) with the
following primary antibodies: anti-cytochrome P450 family 11
subfamily A member 1 (CYP11A1) (ab232763, 60 kDa, 1:1
000, rabbit, Abcam, UK), anti-3p-hydroxy steroid
dehydrogenase (33-HSD) (ab167417, 42 kDa, 1:1 000, rabbit,
Abcam), anti-cytochrome P450 family 19 subfamily A member
1 (CYP19A1) (ab106168, 58 kDa, 1:1 000, rabbit, Abcam, UK),
anti-steroidogenic acute regulatory protein (StAR) (8449S, 28
kDa, 1:1 000, rabbit, CST, USA), and anti-cytochrome P450
family 17 subfamily A member 1 (CYP17A1) (ab125022, 55
kDa, 1:1000, rabbit, Abcam, UK). B-ACTIN (sc-47778, 43 kDa,
1:1 000, mouse, Santa Cruz, USA) was used as a loading
control. Subsequently, the membranes were incubated (17°C,
2h) with horseradish peroxidase (HRP)-conjugated secondary
antibodies: mouse anti-rabbit immunoglobulin G (IgG) (sc-
2357, 1:5 000, Santa Cruz, USA) and goat anti-mouse 1gG
(sc-2005, 1:5 000, Santa Cruz, USA). Protein signals were
detected using the iBright 1500 system (Thermo Fisher
Scientific, USA) and quantified with Imaged software
(http://imagej.nih.govi/ij/).
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Luciferase reporter assay

Luciferase reporter plasmids (psi-CHECK2) containing wild-
type circSHOC2 (circSHOC2-WT), mutant circSHOC2
(circSHOC2-Mut), wild-type 3' untranslated region (3'UTR) of
ASH1L (ASH1La-WT), and mutant 3'UTR of ASH1L (ASH1Lb-
Mut) were constructed by General Biosystems (China).
Sequence information of all WT and mutant constructs is shown
in Supplementary Table S7. HEK293T cells were seeded in
48-well plates, and cotransfected with WT or MUT 3 'UTR
luciferase reporter plasmids, along with miRNA mimics or
negative control, using Lipofectamine 2000 (Thermo Fisher
Scientific, USA). After 24 h of transfection, the cells were
harvested, and luciferase activity was quantified using the Dual-
Glo Luciferase Assay System (Promega, USA) according to
the manufacturer’s instructions. Firefly luciferase activity was
used for normalization. Each experimental group included three
biological replicates.

Enzyme-linked immunosorbent assay (ELISA)

E, levels were measured using a porcine E, ELISA kit
(YJ002366, Yuanju Biotechnology Center, China) following the
manufacturer’s instructions. The kit exhibited intra-assay and
inter-assay coefficients of variation (CV) below 10% and 15%,
respectively, and a sensitivity range of 2.5-200 pg/mL. P,
levels were measured with a porcine P, ELISA kit (YJ002422,
Yuanju Biotechnology Center, China), with an intra-assay CV <
10%, inter-assay <15%, and a sensitivity range of 0.625—20 ng/
mL. Absorbance was recorded at 450 nm using a Multiskan™
FC spectrophotometer (Thermo Fisher Scientific, USA). Both
kits employed monoclonal antibodies with no cross-reactivity.
Each experimental group included four biological replicates.

Bioinformatics analysis

Potential miRNAs targeting circSHOC2 were predicted using
TargetScan  (http://www.targetscan.org) and miRanda
(http://mirtoolsgallery.tech/mirtoolsgallery/node/1055).
Candidate target genes of miR-130b-5p were identified using
TargetScan (http://www.targetscan.org), miRDB (http://mirdb.
org/), and miRwalk (http://mirwalk.umm.uni-heidelberg.de/).
Predictions were made by inputting the sequences and gene
names of circSHOC2 and miR-130b-5p and selecting
appropriate species. RNAhybrid (https://bibiserv.cebitec.uni-
bielefeld.de/rnahybrid/) was used for sequence binding analysis
and free energy prediction of target genes. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses were performed via KOBAS v.3.0
(http://kobas.cbi.pku.edu.cn/index.php).

RNase R digestion assay

Each experimental group included three biological replicates.
Total RNA was extracted from GCs and incubated with the
RNase R digestion kit (RNR07250, Epicentre Biotechnologies,
USA) at 37°C for 30 min to selectively degrade linear RNA
while preserving circRNA. The resulting RNA was reverse
transcribed and amplified by RT-qPCR. Amplification products
were assessed by gel electrophoresis to confirm circRNA
resistance to RNase R digestion.

Cytoplasmic and nuclear RNA purification

Each experimental group included three biological replicates.
Cytoplasmic and nuclear RNA were isolated using the
Cytoplasmic and Nuclear RNA Purification Kit (CH-21000,
Norgen BioTek, Canada). Briefly, GC suspensions were
centrifuged at 1000 xg for 10 min at 4°C, lysed with lysis buffer,
and separated into cytoplasmic (supernatant) and nuclear
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(pellet) fractions by centrifugation (20 000 xg for 10 min at 4°C).
Each fraction was mixed with buffer and ethanol, transferred
to a spin column, washed, and eluted. Purified RNA was stored
at -80°C for downstream applications.

Statistical analysis

Experimental data were analyzed using GraphPad Prism v8
(https://www.graphpad-prism.cn/). Results are presented as
meantstandard error of the mean (SEM) based on at least
three biological replicates. Comparisons between two groups
were performed via two-tailed unpaired Student's t-tests.
Comparisons involving three or more groups were determined
using one-way or two-way analysis of variance (ANOVA),
followed by Dunnett and Sidak post hoc tests, respectively.
Statistical significance was denoted as ns: Not significant; ":
P<0.05;": P<0.01; ™ P<0.001; ™": P<0.0001.

RESULTS

Identification and differential
circRNAs in ES and NES gilts
New French Yorkshire gilts with a shared genetic background
and identical feeding conditions were categorized into the ES
and NES groups following standardized estrus detection
protocols (Figure 1A). Morphological examination of
reproductive organs revealed that NES gilts exhibited smaller
ovaries and uteri, with no visible mature follicles or corpora
lutea (Figure 1B, C). Serum E, and P, levels were significantly
lower in the NES group compared to the ES group (Figure 1D),
confirming the absence of silent estrus and validating the
selection criteria for transcriptomic analysis.

High-throughput circRNA sequencing of ovarian tissue,
followed by systematic bioinformatic analysis, identified 17 662
distinct circRNAs across all samples, including 3 919 present
in both the NES and ES groups (Figure 1E, F). Host gene
annotation revealed 5 275 protein-coding genes, with 2 846
shared between groups, representing 54.0% of all host genes
(Figure 1G, H). Notably, 37.18% of the genes produced a single
circRNA, while the remaining genes generated two or more
circRNAs (Figure 11). Chromosomal mapping demonstrated
genome-wide circRNA distribution, with pronounced density on
chromosome 12. Most circRNAs spanned multiple genomic
regions, with only a small fraction originating from a single
exon, intron, or intergenic region (Figure 1J).

Further analysis identified 67 differentially expressed
circRNAs (DECs) between the ES and NES groups (-logqg
(P-value)>1.301, [logy(fold change)[>1) (Supplementary Table
S8), including 30 up-regulated and 37 down-regulated
candidates (Figure 2A, B). Chromosomes 1 and 6 harbored
the highest number of DECs (Figure 2C). Notably, the CUL1
gene encoded two significantly up-regulated circRNAs
(circRNA1422 and circRNA1794) in ES ovaries, while all other
host genes encoded only a single circRNA.

Cross-referencing with public circRNA databases revealed
that 55 DECs originated from annotated host genes, while 11
mapped to intergenic regions. GO enrichment analysis
indicated functional association of host genes with the Arp2/3
protein complex, mMRNA processing body assembly, ubiquitin
ligase complex, RNA phosphodiester bond hydrolysis, and
regulation of estradiol secretion (Figure 2D). KEGG pathway
analysis further highlighted enrichment in pathways related to
TGF-B signaling, ECM-receptor interaction, actin regulation,
and p53 signaling (Figure 2E). To validate sequencing-based

profiling of ovarian

differential expression profiles, six circRNAs were selected for
RT-gPCR. All six circRNAs exhibited expression trends
consistent with the high-throughput sequencing data. Among
them, circ1855 showed the highest fold change and was derived
from the SHOC2 gene. This circRNA was subsequently
designated as circSHOC2 (Figure 2F, G).

Overall, circRNA transcriptome profiling of ES and NES gilts
yielded a comprehensive ovarian circRNA atlas and identified
circSHOC2 as a key differentially expressed transcript
potentially linked to estrous regulation.

CircSHOC2 promotes steroid hormone synthesis in GCs
CircSHOC2 was generated via back-splicing of exon 4 of the
SHOC2 gene and spanned 943 base pairs in length (Figure 3A),
with RNase R digestion confirming a stable circular structure
(Figure 3B, C). RT-gPCR revealed significantly higher
expression of circSHOC2 in ES ovaries relative to NES ovaries
(Figure 3D). Subcellular fractionation further indicated
predominant localization of circSHOC2 in the cytoplasmic
compartment of GCs (Figure 3E), suggesting a post-
transcriptional regulatory role.

Functional assays in primary porcine GCs revealed that
silencing circSHOC2 with  si-circSHOC2  significantly
suppressed its expression (Figure 3F), leading to a marked
reduction in E, and P, concentrations in the culture supernatant
compared with the control group (Figure 3G). Concomitantly,
both mRNA and protein levels of key steroidogenic genes,
including CYP11A1, CYP19A1, and 3B-HSD, were also
substantially reduced following circSHOC2 knockdown
(Figure 3H-J). In contrast, overexpression of circSHOC2
through the circSHOC2-PCD5 vector (Figure 3K) resulted in
elevated steroid hormone levels (Figure 3L), accompanied by
significant up-regulation of CYP11A1, CYP19A1, and 33-HSD
at both transcript and protein levels (Figure 3M-0). Collectively,
these findings suggest that circSHOC2 plays a role in promoting
steroid hormone synthesis in porcine GCs by modulating the
expression of key enzymes involved in steroidogenic pathways.

CircSHOC2 modulates steroidogenesis in GCs through
direct interaction with miR-130b-5p

To elucidate the regulatory mechanism by which circSHOC2
influences steroid hormone biosynthesis in GCs, miRNAs
potentially targeted by circSHOC2 were predicted using
TargetScan and miRanda online tools (Figure 4A). Integration
of these predictions with miRNA sequencing (miRNA-seq) data
from ES and NES ovaries, followed by expression profiling
and seed sequence complementarity analysis, highlighted miR-
130b-5p as a high-confidence target. Quantitative analysis
revealed significantly lower expression of miR-130b-5p in ES
ovaries compared to NES ovaries (Figure 4B). Binding site
prediction confirmed a complementary interaction between miR-
130b-5p and circSHOC2, with a calculated binding free energy
of =22.4 kcal/mol (Figure 4C).

Dual-luciferase assays were performed using psiCHECK2
constructs carrying WT or mutated circSHOC2 binding sites
(circSHOC2-WT and circSHOC2-Mut, respectively; Figure 4D).
Overexpression of miR-130b-5p significantly reduced luciferase
activity of circSHOC2-WT but had no effect on circSHOC2-
Mut activity, confirming that miR-130b-5p is a direct target of
circSHOC2 (Figure 4E). Additionally, co-transfection of
circSHOC2-PCD5 with miR-130b-5p mimics significantly
increased miR-130b-5p levels compared with the control
(circSHOC2-PCD5+mimics NC) (Figure 4F).

Inhibition of miR-130b-5p in primary ovarian GCs led to a
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Chromosomal locations of differentially expressed circRNAs. D: Bar chart showing GO enrichment analysis results. E: Bubble chart showing top 20
KEGG enriched pathways. F: Expression levels of circRNAs identified through sequencing in ES and NES ovaries. G: Validation of circRNA
expression in ES and NES ovaries by RT-gPCR, n=6. ": P<0.05.
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Figure 3 Effect of circSHOC2 on steroid hormone synthesis in ovarian GCs

A: Schematic representation of circSHOC2 structure. B: Detection of circSHOC2 and SHOC2 mRNA following RNase R digestion, n=3. C: RT-
gPCR product electrophoresis following RNase R digestion, n=3. D: Validation of circSHOC2 expression in ovarian tissues from ES and NES sows
by RT-gPCR, n=6. E: RNA detection of circSHOC2 in nuclear and cytoplasmic fractions, n=5. F: Efficiency of circSHOC2 knockdown, n=5. G:
Concentrations of E, and P, in supernatants based on ELISA, n=4. H: mRNA expression levels of genes related to steroid hormone synthesis
based on RT-gPCR, n=4. |, J: Protein expression levels of steroid hormone synthesis-related genes based on western blot analysis, n=3. K:
Efficiency of circSHOC2 overexpression, n=5. L: Concentrations of E, and P, in supernatants based on ELISA, n=4. M: mRNA expression levels of
genes related to steroid hormone synthesis based on RT-gPCR, n=4. N, O: Protein expression levels of steroid hormone synthesis-related genes

based on western blot analysis, n=3. ": P<0.05; ": P<0.01; ™": P<0.001; "": P<0.0001.
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Figure 4 CircSHOC2 sponges miR-130b-5p to regulate steroid hormone synthesis in GCs

A: Predicted miRNA network targeted by circSHOC2. B: RT-gPCR analysis showing miR-130b-5p mRNA expression in ES and NES ovarian
tissues, n=4. C: Prediction of circSHOC2-miR-130b-5p binding sites. D: Schematic of dual-luciferase reporter vector. E: Results of dual-luciferase
reporter assay, n=3. F: mRNA expression level of miR-130b-5p following circSHOC2 overexpression and circSHOC2 and miR-130b-5p
overexpression, n=3. G: Efficiency of miR-130b-5p inhibitor suppression, n=4. H: Concentrations of E, and P, based on ELISA, n=6. I: RT-gPCR
analysis of steroid hormone synthesis-related gene mRNA expression, n=4. J, K: Western blot analysis of steroid hormone synthesis-related protein
expression, n=3. L: Efficiency of miR-130b-5p mimic overexpression, n=4. M: Concentrations of E, and P, based on ELISA, n=6. N: RT-gPCR
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significant reduction in miR-130b-5p expression (Figure 4G),
accompanied by marked increases in the concentrations of E,
and P, compared to the control group (Figure 4H). Interference
with miR-130b-5p significantly increased the mRNA levels of
CYP17A1, CYP19A1, CYP11A1, and StAR, as well as the
protein levels of CYP11A1, CYP17A1, StAR, and 3B-HSD
(Figure 4l, J, L). Conversely, primary GC treatment with miR-
130b-5p mimics exerted the opposite effects (Figure 4L),
reducing steroid hormone content and the expression of related
genes (Figure 4M-P). These findings indicate that miR-130b-
5p inhibits the synthesis of E, and P, in GCs.

Rescue assays revealed that concurrent overexpression of
circSHOC2 and miR-130b-5p attenuated circSHOC2-mediated
enhancement of steroid hormone production in GCs
(Supplementary Figure S3A-C), confirming that circSHOC2
promotes steroidogenesis, at least in part, through
sequestration of miR-130b-5p.

CircSHOC2-miR-130b-5p-ASH1L axis modulates steroid
hormone synthesis in GCs

Given the conservation of the miR-130b-5p binding site on
circSHOC?2 across humans, mice, and pigs (Figure 5A), the
miRDB, miRWalk, and TargetScan databases were used to
predict the target genes of miR-130b-5p. Cross-database
analysis yielded 27 candidate genes (Figure 5B). Among these,
ASH1L was prioritized based on ovarian expression levels,
literature relevance, complete 3'UTR complementarity to the
miR-130b-5p seed sequence, favorable binding free energy
(=31.0 kcal/mol), and dual-luciferase reporter assay validation
(Figure 5C, D). Inhibiting miR-130b-5p increased ASH1L
expression, while miR-130b-5p mimics inhibited ASH1L
expression (Supplementary Figure S3D, E). Dual-luciferase
assays in HEK293T cells confirmed direct regulation of ASH1L
by miR-130b-5p. Cotransfection with miR-130b-5p mimics
significantly suppressed luciferase activity from one WT ASH1L
3'UTR construct, while no significant change was observed for
the other WT construct or mutant version lacking the miR-
130b-5p binding site (Figure 5E). These findings demonstrate
that ASH1L is a direct target of miR-130b-5p, with regulation
dependent on a specific seed-binding site.

To explore the role of ASH1L in steroidogenesis, siRNA-
mediated knockdown was performed in porcine GCs
(Figure 5F). Compared with the siRNA NC, silencing ASH1L
resulted in a significant reduction in E, and P, secretion
(Figure 5G, H). Additionally, the mRNA levels of CYP11A1,
CYP17A1, CYP19A1, and 3B-HSD were significantly reduced,
as were the protein levels of CYP17A1 and 3B3-HSD (Figure 5I
-K). Rescue experiments confirmed that co-transfection of the
miR-130b-5p inhibitor with si-ASH1L restored E, and P,
concentrations otherwise suppressed by ASH1L knockdown
(Figure 5L—N). Additionally, coexpression of circSHOC2-PCD5
and miR-130b-5p mimics significantly reduced ASH1L
expression compared to the control (circSHOC2-PCD5+mimics
NC) (Supplementary Figure S3F), indicating that circSHOC2
modulates ASH1L levels through miR-130b-5p sequestration.

DISCUSSION

Comprehensive profiling of porcine ovarian circRNAs has
previously revealed expression differences across estrous
stages (Niu etal., 2022), between animals with divergent
reproductive capacities (Liang etal.,, 2020), and during
physiological processes such as ovarian aging (Xi et al., 2019)
and follicular atresia (Guo etal., 2020). However, circRNA
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landscapes in ES and NES gilts remain unexplored.

In the present study, 5 275 host genes were identified from
ovarian circRNAs in ES and NES gilts. Pathway enrichment
analysis revealed significant association with TGF signaling,
ECM-receptor interaction, actin regulation, and p53 signaling
pathways. These pathways are functionally integral to GC
physiology. Notably, TGF signaling regulates GC proliferation,
apoptosis, and estrogen biosynthesis (Bai etal., 2017;
Lundberg et al., 2022); actin remodeling plays a critical role in
regulating steroidogenic output (Chen et al., 2023); and p53
signaling governs apoptotic responses in GCs (Joo et al., 2023).
These findings suggest that ovarian circRNAs may influence
estrous expression by modulating GC survival and steroid
hormone synthesis.

The synthesis of steroid hormones represents a fundamental
role of ovarian GCs (Bjersing et al., 1964), and accumulating
evidence supports a regulatory role for circRNA in this process.
For example, circDDX10 expression, which declines with age
in human ovaries, inhibits E, synthesis when silenced,
concomitant with down-regulation of steroidogenic genes (Cai
etal., 2021). Similarly, circRPS19, which exhibits differential
expression during chicken follicular development, promotes GC
proliferation and steroidogenesis via the miR-218-5p/INHBB
axis (Wei etal.,, 2024). In the present study, circSHOC2
emerged as the most significantly differentially expressed
circRNA between ES and NES gilts and was subsequently
shown to regulate steroidogenesis in GCs by modulating
CYP19A1, StAR, and 3B-HSD expression, thereby enhancing
E, and P, synthesis.

CircRNAs typically regulate cellular processes by functioning
as competing endogenous RNAs (ceRNAs) that sequester
specific  miRNAs. For example, circ0001470 promotes
embryonic development by sponging miR-140-3p and
modulating PTGFR expression (Zhang et al., 2022a), while
circKkDM5B enhances porcine blastocyst development by
regulating trophoblast barrier function through sponging miR-
128 (Gao et al., 2023a). In the current study, miR-130b-5p—
abundantly expressed in the ovaries of NES gilts—was
identified as a direct target of circSHOC2. Previous studies
have shown that miR-130b-5p regulates cell proliferation
(Zhang et al., 2019) and lipid metabolism (Feng et al., 2024),
and that miR-130a-5p can be sponged by circWHSC1 (Shi
et al.,, 2023a). These findings suggest that miR-130b-5p may
similarly regulate the cellular state of GCs, thereby affecting
cell function. Here, dual-luciferase assays confirmed the
interaction between miR-130b-5p and circSHOC2, and rescue
experiments demonstrated that circSHOC2 promotes E, and
P, synthesis in GCs through miR-130b-5p sequestration. These
results provide the first evidence that miR-130b-5p directly
regulates steroid hormone biosynthesis in porcine GCs.

ASH1L was identified as a downstream target of miR-130b-
5p through integrative miRNA target prediction. ASH1L
functions as a key epigenetic regulator (Xi et al., 2020), with
evidence from bovine cumulus cells indicating that its
knockdown can significantly suppress cell proliferation, promote
apoptosis, and reduce H3K36me1/2/3 methylation (Cui et al.,
2021). Although the direct involvement of H3K36 methylation
in regulating steroidogenic enzymes remains unclear, ASH1L
is known to colocalize with H3K4me3 and modulate histone
methylation dynamics (Vann etal.,, 2025). Furthermore,
epigenetic studies have identified functional H3K4me3
regulatory elements in the promoter regions of key
steroidogenic genes, including CYP19A1 (Madogwe etal.,
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2020), CYP11A1 (Okada etal.,, 2016), and StAR (Li etal.,
2024). These findings suggest that ASH1L may regulate
steroidogenesis by modulating H3K4me3 modifications.
However, the mechanistic link between ASH1L-mediated
histone modification and transcriptional regulation of
steroidogenic pathways remains unresolved and will be the
focus of future investigations.

While estrus regulation involves a complex molecular
network, this study specifically examined the function of
circSHOC2 in GCs. Ongoing work will aim to characterize
additional circRNAs, expand the ceRNA interaction landscape,
and refine the regulatory architecture governing steroid
hormone biosynthesis in porcine ovaries

In summary, this study identified circSHOC2 as a key
regulatory circRNA that regulates the synthesis of E, and P,
in ovarian GCs via the circSHOC2/miR-130b-5p/ASH1L axis,
offering novel insights into the molecular regulation of
reproductive function in replacement gilts.

CONCLUSION

CircRNA sequencing of ovarian tissues from ES and NES gilts
identified circSHOC2 as a differentially expressed circRNA that
regulates the synthesis of E, and P, in ovarian GCs via the
circSHOC2/miR-130b-5p/ASH1L axis (Figure 6).
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