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LncRNA NORFA promotes the synthesis @
of estradiol and inhibits the apoptosis of sow
ovarian granulosa cells through SF-1/CYP11AT

axis

Zhennan Guo'", Qiang Zeng'", Qiqi Li"?, Baosen Shan', Yangan Huo', Xiaoli Shi'?, Qifa Li' and Xing Du'"

Abstract

Background Biosynthesis of 173-estradiol (E2) is a crucial ovarian function in mammals, which is essential for
follicular development and pregnancy outcome. Exploring the epigenetic regulation of E2 synthesis is beneficial for
maintaining ovary health and the optimal reproductive traits. NORFA is the first validated sow fertility-associated long
non-coding RNA (IncRNA). However, its role on steroidogenesis is elusive. The aim of this study is to investigate the
regulation and underlying mechanism of NORFA to E2 synthesis in sow granulosa cells (GCs).

Results Through Pearson correlation analysis and comparative detection, we found that NORFA expression was
positively correlated with the levels of pregnenolone (PREG) and E2 in follicles, which also exhibited similar alteration
patterns during follicular atresia. ELISA was conducted and indicated for the first time that NORFA induced the
synthesis of PREG and E2 in sow GCs in a dose- and time-dependent manner. RNA-seq, GSEA and quantitative
analyses results validated that CYPT1A1, the coding gene of P450SCC which is the first step rate-limiting enzyme of E2
synthesis, was a positive functional target of NORFA. Mechanistically, NORFA promotes SF-1 expression by stabilizing
NR5AT mRNA through directly interacting with its 3'-UTR, and also tethers SF-1 to shuttle into nucleus. Additionally,
SF-1in the nucleus activates CYPT1AT transcription by directly binding to its promoter, which ultimately induces E2
synthesis and inhibits GC apoptosis.

Conclusion Our findings highlight that NORFA, a multifunctional IncRNA, induces E2 synthesis and inhibits GC
apoptosis through the SF-1/CYP11A1 axis in a ceRNA-independent manner, which provide valuable clues and
potential targets for follicular atresia inhibition and female fertility improvement.
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Introduction

It is well-known that the fertility of female mammals
depends on the follicular development, maturation, and
ovulation [1], which are regulated by a complicated and
precise network consisting of multiple in vivo and in vitro
factors, including environment, nutrition, stress, cyto-
kines, and steroid hormones [2-5]. Estrogens, an impor-
tant kind of steroid hormones, are widely synthesized in
female reproductive system and involved in the regula-
tion of multiple physiological and pathological processes
[6, 7]. As the most common form of estrogen with the
highest activity, E2 is converted from cholesterol (CHOL)
in ovarian GCs under the action of a series of rate-limit-
ing enzymes [8], which is essential for the development
of female reproductive system and determination of the
follicular fate.

Clinical studies and mouse models showed that abnor-
mal synthesis of E2 was closely associated with multiple
reproductive disorder diseases, and lead to delayed ovar-
ian development, sexual characteristics degeneration,
follicular cysts, atresia, and anovulation, which impaired
female fertility [9—11]. In addition to women and female
mice, E2 levels in healthy follicles were also found to be
significantly higher than those in atretic follicles and
corpus luteum in domestic animals such as sows, cows,
and sheep [12-14]. Therefore, E2 synthesis is one of the
most crucial functions of GCs in female mammals, and
low level of E2 in follicular fluid has been considered as a
main feature of atretic follicles. However, the studies on
E2 in sows and other large domestic animals are limited,
especially its synthetic regulation is not fully understood.
Potential endogenous candidates that can be utilized to
maintain E2 synthesis, induce follicular development,
and improve sow fertility need to be investigated.

With the improvement of intensive breeding, increas-
ing studies have investigated the regulation of E2 synthe-
sis in sows and identified a series of regulators, including
in vitro and in vivo factors. The former contains endo-
crine disrupting chemicals (DDT etc.) [15], toxins (ZEN
etc.) [16], antibiotics (VA etc.) [17], and viruses (PRV
etc.) [18]. While, the latter mainly consists of hormones
(FSH etc.) [19], cytokines (ULCH1 etc.) [20], homeosta-
sis (ROS etc.) [21], and epigenetic regulators. miRNAs,
an important kind of epigenetic regulator, have been
reported to regulate E2 synthesis in sow ovaries, and 17
validated functional miRNAs have been identified in the
last decade. For instance, miR-1275 inhibits E2 synthesis
in the GCs from Yorkshire sows by directly targeting and
suppressing LHR-1 [22]. Conversely, miR-339 enhances
E2 synthesis in sow GCs by acting as a small activat-
ing RNA (saRNA) which induces the transcription of
CYPI9A1, the coding gene of key rate-limiting enzyme
P450arom [23]. Unlikely, it remains largely unknown
about the regulation of IncRNAs on E2 synthesis in sow
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ovaries. LncRNAs, another important class of widely-
expressed endogenous non-coding RNAs with length
longer than 200 nt and lack protein-coding potential
[24], have been reported involved in various physiologi-
cal and pathological processes in humans and rodents,
including reproductive disorders such as polycystic ovary
syndrome (PCOS) and ovarian cancer [25, 26]. However,
only three validated IncRNAs (NORSEF, IFFD, and SFFD)
with the ability to influence E2 synthesis in sows have
been identified at present [23, 27, 28]. Mechanism analy-
ses have shown that they regulate E2 synthesis by directly
sponging the downstream miRNAs, which is well-known
as competitive endogenous RNA (ceRNA) mechanism.
Despite them, additional functional IncRNAs that regu-
late E2 synthesis independent of ceRNA mechanism need
to be identified.

Our previous study has identified NORFA as the first
anti-atretic IncRNA associated with sow fertility [29].
Further RNA-seq and bioinformatics analyses revealed
its potential to regulate E2 synthesis in sow GCs [30]. The
aim of this study was to investigate the role and under-
lying mechanism of NORFA in the regulation of E2 syn-
thesis. Through multidimensional analyses, we clarified
that NORFA promoted E2 synthesis and inhibited sow
GC apoptosis through a novel axis consisting of ste-
roidogenic factor 1 (SF-1) and cytochrome P450 family
11 subfamily A member 1 (CYP11AI). SE-1, encoded by
NR5A1I, is essential for the steroidogenesis in mammals.
While, CYP11A1 is the coding gene of P450SCC which is
the first-step rate-limiting enzyme for E2 synthesis [31].
Our findings demonstrate that NORFA, as a pluripotent
IncRNA, is crucial for E2 synthesis, follicular develop-
ment and sow fertility.

Materials and methods

Animal and ethics

In this study, a total of 185 healthy, sexually-mature
DurocxLandracexYorkshire sows in the diestrus
period (average 180 days and 110 kg mass) were ran-
domly selected from Zhushun Biotechnology Co., Ltd
(Nanjing, China) for ovaries collection, follicle isola-
tion, and GC culture in vitro. The sows were fed, taken
care, and slaughtered in accordance with the Regula-
tions for the Administration of Affairs Concerning
Experimental Animals (No.2 of the State Science and
Technology Commission, 11/14/1988). All the ani-
mal-related experiments involved in this study were
reviewed, approved, and supervised by the Animal
Ethics Committee of Nanjing Agricultural University
(NJAU.N020220324059).

Bioinformatics analysis
The RNA-seq datasets for NORFA knockdown in sow
GCs were uploaded to NCBI SRA database (Bioproject
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ID: PRJNA632987). Gene Set Enrichment Analy-
sis (GSEA) was performed to identify the potential
functions of NORFA-mediated DEmRNAs. miRNAs
that potentially target NORFA and CYPIIAl were
predicted using four online programs: TargetScan
v7.2, miRDB, miRWalk v3.0 database, and miRanda.
The minimum free energy (MFE) of the interac-
tion between miRNAs and target RNAs was analyzed
using RNAhybrid. The promoters of pig NR5AI and
CYP11A1 were predicted using Promoter 2.0 and
BDGP-NNPP. Transcription factors (TF) potentially
bind to the CYPIIAI promoter were analyzed by
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and HNADOCK. The interaction between NORFA
and CYP11A1 mRNA was analyzed using LncTar and
IntaRNA 2.0. catRAPID was utilized to analyze the
interaction between NORFA and SF-1. The secondary
structure of NORFA was analyzed using Mfold. The
web addresses of the aforementioned tools are listed in
Supplementary Table 1.

Follicle isolation and classification

The healthy antral follicles (HFs) and atretic antral fol-
licles (AFs) were isolated from pig ovaries and classi-
fied according to the morphological identification,

JASPAR database. The interaction between NORFA
and CYP11A1 promoter was predicted by Triplexator

GC density, and estradiol/progesterone (E2/P4) ratio
(Fig. 1C). In brief, HFs were recognized with red color
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Fig. 1 NORFAisa novel inducer of E2 in sow GCs. (A) GSEA analysis based on RNA-seq data of NORFA knockdown showing a significant enrichment of the
ovarian steroidgenesis pathway. (B) A significant positive correlation between the expression level of NORFA in the whole follicle and E2 levels in follicular
fluid was identified by Pearson correlation analysis (n=16). (C) Images of the healthy follicles (HF) and paired adjacent atretic follicles (AF) (paired n=8).
(D) Alteration patterns of NORFA expression (left) and E2 levels (right) in the HFs and AFs were detected using RT-gPCR and ELISA (paired n=38). (E) NORFA
expression (left) and E2 levels (right) in GCs transfected with pcDNA3.1-NORFA (0,04, 0.8, 1.6 and 3.2 ug) for 48 h were detected using RT-gPCR and ELISA
(n=3). (F) After transfection with 1.6 ug pcDNA3.1-NORFA into GCs for different times (0, 12, 24, 48 and 72 h), NORFA expression (left) and E2 levels (right)
were measured using RT-gPCR and ELISA (n=3). (G) NORFA expression (left) and E2 levels (right) in GCs transfected with NORFA-siRNA (0, 10, 20, 40 and
80 uM) for 48 h were detected using RT-gPCR and ELISA (n=3). (H) GCs were transfected with 20 uM NORFA-siRNA for the indicated times (0, 12, 24, 48
and 72 h), RT-gPCR and ELISA were performed to measure NORFA expression (left) and E2 levels (right) (n=3). Data in (E-H) were shown as mean +SEM.
Significance was analyzed by two-tailed Student’s t-test and ANOVA. “P<0.01
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having blood vessels, low discrete GC density (<2500/
pL), and a high E2/P4 ratio (>2.0). Only the follicles
with morphology in accordance with the discrete
GC density and E2/P4 ratio were selected for further
investigation. The detailed numerical data about the
GC density and E2/P4 ratio of eight paired HFs and
AFs are listed in Supplementary Table 2.

Cell culture and treatment

Sow GCs were isolated from 3 to 5 mm diameter
healthy ovarian follicles using a 22-gauge needle and
cultured in DMEM/F12 medium supplemented with
10% FBS and 1% penicillin-streptomycin. For trans-
fection, GCs were seeded into 6- or 12-well plates and
Lipofectamine™ 3000 Transfection Reagent (#L300015,
Life Technologies) was utilized for oligonucleotides
or plasmids transfection based on the manufactur-
er’s instruction. The oligonucleotides utilized here
(NORFA-siRNA, CYP11A1-siRNA, and StAR-siRNA)
were synthesized by GenePharma (Shanghai, China)
and listed in Supplementary Table 3. For cell treat-
ment, the medium was replaced with FBS-free medium
and cultured for 12 h. Then, ONO-2952 (#HY-111191,
MCE), an effective inhibitor of the translocator protein
(TSPO) which is necessary for the transport of CHOL
into the inner mitochondrial membrane, was dissolved
in DMSO and added to the medium at a final concen-
tration of 10 uM.

RT-qPCR
Total RNA from ovarian follicles (n=16) and GCs
was extracted using TRIzol reagent (#15596018, Invi-
trogen) and purified with the chloroform-isopropanol
method. After detection of quality, quantity, integrity,
and contamination, 1 pg total RNA was reverse-tran-
scribed into ¢cDNA using HiScript III RT SuperMix
(#R323-02, Vazyme Biotech Co., Ltd.). qPCR reactions
were conducted using AceQ qPCR SYBR Green Master
Mix (#Q111-03, Vazyme Biotech Co., Ltd) on a Quant-
Studio 7 Flex system (Applied Biosystem) with three
independent biological replicates. Expression levels
of interested genes were calculated using the 274ACt
method with normalization to GAPDH. The primers
are presented in Supplementary Table 4.

Western blotting

Western blotting was performed following a standard
protocol as previously described [32]. Briefly, total
protein was extracted from sow GCs using cold RIPA
lysis buffer (#P0013, Beyotime), and the concentration
was measured with BCA method (#BL521A, Biosharp).
A total of 15 pg protein was loaded and separated on
10% SDS-PAGE (#M00656, Genecript) and transferred
to PVDF membranes (#IPFL00010, Millipore). The
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membranes were blocked in 5% skim milk at room
temperature for 2 h and incubated with primary anti-
bodies at 4 ‘C overnight, followed by rinsed in the
HRP-conjugated secondary antibodies at room tem-
perature for 1 h. The membranes were visualized and
the high-resolution original images were obtained by
ChemiDoc densitometer with high-sensitivity ECL
detection system (#E412, Vazyme Biotech Co., Ltd),
which were quantified using Image] software. Primary
antibodies used here were anti-P450SCC (#D122183,
Sangon, rabbit, 1:1000), anti-SF-1 (#18658-1-AP,
Proteintech, rabbit, 1:1000), and anti-GAPDH
(#TA802519, ORIGENE, mouse, 1:3000).

Chromatin immunoprecipitation (ChIP)

ChIP was performed to detect the enrichment of SF-1
on the promoter of CYPI1A1 in sow GCs as previously
described [33]. In brief, GCs were crosslinked using 1%
formaldehyde for 10 min and quenched with 5 M gly-
cine. Then, SF-1/DNA complexes were pulled down
with the anti-SF-1 antibody (#18658-1-AP, Proteintech,
rabbit). After ultrasonication, decrosslinking and purifi-
cation, SF-1-interacted DNA fragments and their enrich-
ment were identified and quantified by PCR and qPCR.
Anti-IgG antibody (#sc2358, Santa Cruz Biotechnology,
mouse) was used as negative control, and 10-fold diluted
unprocessed chromatin served as input. The primers are
presented in Supplementary Table 4.

RNA immunoprecipitation (RIP)

GCs were crosslinked with 1% formaldehyde and incu-
bated with RIP lysis buffer at 4 ‘C for 30 min. After cen-
trifuged at 13,000 rpm for 20 min, the supernatant was
precleared and incubated with 4 pg anti-SF-1 antibody
and 100 pL Protein A dynabeads (#10008D, Invitrogen)
at 4 ‘C for 3 h. Beads were washed with RIP lysis buffer
four times at 4 C for 5 min and decrosslinked at 70 “C for
45 min. Finally, RNA was extracted using TRIzol reagent,
and further identified and quantified using RT-qPCR
analysis.

Biotinylated RNA pull-down

The single-stranded RNA transcripts of NORFA were
transcribed in vitro, biotinylated using the Biotin RNA
Labeling Mix (#11685597910, Roche) and T7 RNA poly-
merase (#EP0111, ThermoFisher Scientific), and purified
with an RNeasy Mini Kit (#74104, Qiagen). 20 pg puri-
fied biotinylated transcripts were incubated with 60 pg
total RNA or 100 pg total protein from sow GCs at room
temperature for 4 h. Then, the biotin-RNA/RNA and
biotin-RNA/protein complexes were pulled down with
streptavidin magnetic beads (#LSKMAGTO02, Merck Mil-
lipore). After isolation, the interacted RNAs and proteins
were detected and quantified by RT-qPCR and western
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blotting. To identify the specific interaction region of
NORFA with NR5A1 mRNA and SF-1 protein, different
truncated NORFA fragments were constructed.

RNA fluorescence in situ hybridization (RNA FISH)

RNA FISH was performed to detect the co-location of
NORFA and NR5A1 mRNA in sow GCs. Briefly, cells
were rinsed ephemerally in cold PBS and fixed with 4%
formaldehyde for 20 min at room temperature. Then,
cells were permeabilized in PBS with 0.5% Triton X-100
on ice for 5 min, and hybridization was performed using
the following anti-sense probes: 5-CGC GTT AGG GAC
TGC CGC TTT CAG AGG ATT-3 for NORFA (green),
and 5-GTC AGC ACG CAC GGC TTC CAG GCG CAT
C-3’ for NR5A1 mRNA (red). Nuclei was stained with
4,6-diamidino-2-phenylindole (DAPI, blue). High-resolu-
tion images were obtained from an confocal laser scan-
ning microscope (LSM 900, Zeiss) at 550 nm wavelength.

Immunofluorescence (IF)

Sow GCs seeded on the coverslips for IF were fixed with
4% paraformaldehyde, permeabilized with 0.1% Triton
X-100, blocked with BSA, and incubated with rabbit anti-
SF-1 antibody (#18658-1-AP, Proteintech, 1:200) over-
night at 4 °C. After washed with TBST three times, GCs
were then incubated with the CY3 590-conjugated goat
anti-rabbit IgG (H+L) secondary antibody (#1111213-96,
ImmunoReagents) for 1 h at room temperature. Mean-
while, DAPI (#C1006, Beyotime) was applied to stain the
nuclei of sow GCs. Finally, representative high-resolution
images were obtained from an fluorescence microscopy
equipped with a Nikon DS-2 digital camera at 590 nm
wavelength.

PREG and E2 detection

The concentrations of pregnenolone (PREG) and E2 in
the GC culture medium and in the follicular fluid (FF) of
healthy and atretic follicles were measured using a Preg-
nenolone Detection Kit (#MM-7789501, MMBIO) and
an Estradiol Detection Kit (#ARE-8800, BNIBT). In brief,
the FF and GC culture medium after transfection for 48 h
were collected and centrifuged at 3,000 g for 20 min at
4 °C. The supernatant was collected, 10-fold diluted, and
transferred into an ELISA plates for 30 min at 37 C.
Then, 50 uL enzyme reagent, 100 puL developer, and 50
pL reaction termination buffer were successively added
into the plate and incubated in a dark room for 30 min
at 37 “C. Finally, the optical density of each sample was
detected under 450 nm wavelength and converted to the
concentrations of PREG and E2.

Plasmids construction and luciferase activity assay
To construct the overexpression plasmid, the full-length
coding sequence of pig NR5AI was amplified and cloned
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into the pcDNA3.1 vector (#V790, Invitrogen) between
the Kpnl and Xhol enzyme sites. The specific amplifi-
cation primers were as follows: F, 5-CTA GCT AGC
ATG GAC TAT TGG TAC GAC GA-3 and R, 5-GCT
CTA GAA ATG AGC AGG TTG TTT CG-3. To gener-
ate the luciferase reporters, the fragments of CYPI11A1
and NR5AI promoter were synthesized and cloned into
pGL3-Basic vector (#1471, Promega) between the Kpul
and Xhol enzyme sites, while the 3’-UTR of CYP11AI
and NR5AI were amplified and cloned into pmirGLO
vector (#E1330, Promega) between Nhel and Xhol
enzyme sites. The mutant plasmids were constructed
using a SoSoo cloning kit (#1111, Tsingke) following
the kit’s manual. All the recombinant vectors were veri-
fied by Sanger sequencing. For luciferase activity assay,
cells were harvested after transfection for 24 h, and the
luciferase activities of firefly and Renilla were measured
using a Dual-Luciferase Reporter Assay System (#E1910,
Promega). Relative luciferase activity of each sample was
considered as the activity of firefly luciferase relative to
Renilla luciferase.

Proliferation analysis

The proliferation of sow GCs was analyzed by Cell
Counting Kit-8 (CCK-8) and 5-ethynyl-2’-deoxyuridine
(EAU) assays. For CCK-8 assay, cells were seeded into
96-well plate with a density of 2,000 cells per well. After
treatment for 24 h, 10 uL CCK-8 reagent (#FC101, Trans-
gen) was added into the culture medium and incubated
in a 37 'C dark room for 2 h. Then, the absorbance of
each sample was measured under the optical density of
450 nm. EdU assay was performed using the BeyoClick™
EdU-488 Cell Proliferation Detection Kit (#K1076, APEx-
BIO). Briefly, after labeling, fixation, and nuclei staining,
the red fluorescence in GCs was observed under a fluo-
rescence laser confocal microscope (ZEISS) at 488 nm
wavelengths.

Apoptosis detection

GC apoptosis under different conditions was detected
using an Annexin V-FITC/PI Apoptosis Detection kit
(#A211, Vazyme Biotech Co., Ltd). Briefly, 20,000 cells
were collected and dyed with 3 pL annexin V-FITC and
3 pL Propyliodide (PI) at in a dark room for 15 min, and
further sorted by flow cytometry on a cell counting sys-
tem (#FACSScalibur, BD). Cell apoptosis rate was ana-
lyzed using Flowjo software, which was calculated based
on the percentage of cells in Q2 (early apoptosis) and Q3
(late apoptosis) quadrants. Besides, the expression levels
of apoptosis-related genes (BCL2, BAX and Caspase3)
in GCs were detected by RT-qPCR and the BCL2/BAX
ratio was statistically analyzed. The primers used here are
listed in Supplementary Table 4.
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ActD chase assays

ActD chase assays were conducted following the method
as previously described [34]. In brief, actinomycin D
(ActD; #A4262, Sigma), a general transcription inhibi-
tor, was added to the medium at a final concentration
of 5 pg/mL for the indicated times after transfection for
12 h. Total RNA was isolated and the mRNA levels of
CYP11A1, NR5A1 and Luciferase were detected using
RT-qPCR and compared to their levels at 0 h. Half-life
times (;,) were calculated by fitting multiple exponen-
tial mathematical models (nonlinear regression analysis)
for mRNA levels across different time points.

Statistical analysis

Data in this study were presented as meanztstandard
error (SEM) with at least three independent biological
replicates. Pearson correlation analyses were performed
by GraphPad Prism v8.0. Significance between two
groups and three or more groups were calculated by IBM
SPSS Statistics v26.0 with two-tailed Student’s ¢-test and
ANOVA. Statistical significance were labeled as *P<0.05
and **P<0.01 for significant and extremely significant,
respectively. The graphs were generated using GraphPad
Prism v8.0 and RStudio v3.5.1.

Results

NORFA induces E2 synthesis in sow GCs

Based on the RNA-seq data (NORFA knockdown) and
GSEA analysis, we found a significant enrichment of the
ovarian steroidogenesis pathway, and most of the genes
in this pathway were downregulated in sow GCs after
NORFA knockdown (Fig. 1A). Interestingly, a signifi-
cant positive correlation between the expression level of
NORFA in whole follicle and E2 concentration in the fol-
licular fluid was identified by Pearson correlation analysis
(Fig. 1B), and both of which were dramatically downregu-
lated during follicular atresia with similar alteration pat-
terns (Fig. 1C-D), suggesting that NORFA is involved in
the regulation of E2 synthesis. To address this, we subse-
quently investigated with gain-or-loss of function in sow
GCs cultured in vitro and revealed that overexpression
of NORFA significantly induced E2 synthesis in a dose-
and time-dependent manner (Fig. 1E-F), whereas the
opposite results occurred after knockdown of NORFA
(Fig. 1G-H). These findings demonstrate that NORFA is a
novel inducer of E2 synthesis in sow GCs.

NORFA promotes the synthesis of PREG in sow GCs

To analyze the mechanism by which NORFA induces
E2 synthesis in sow GCs, we first examined the effect of
NORFA on pregnenolone (PREG) synthesis, since the
conversion of CHOL into PREG by entering mitochon-
dria is the first key rate-limiting step of E2 synthesis.
ELISA was performed and showed that overexpression
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of NORFA significantly increased the PREG level in
sow GCs, while the opposite results were observed after
NORFA inhibition, both in a dose- and time-dependent
manner (Fig. 2A-D). Besides, a significant positive corre-
lation between the expression level of NORFA in follicles
and the concentrations of PREG in follicular fluids, as
well as similar alteration patterns during follicular atre-
sia were identified by Pearson correlation and compara-
tive analyses (Fig. 2E-F). Furthermore, we also noticed
that the promotion of PREG by NORFA was seriously
impaired by blocking CHOL transport into mitochondria
through TSPO inhibitor (ONO-2952) addition or StAR-
siRNA transfection (Fig. 2G-H). The above findings indi-
cate that NORFA promotes the synthesis of PREG, which
further induces E2 synthesis in sow GCs.

CYP11AT1 is a positive functional target of NORFA

To clarify the regulatory mechanism of NORFA to PREG,
an in-depth analysis based on RNA-seq data was per-
formed and found that nine steroidogenesis-related
genes were significantly downregulated after knockdown
of endogenous NORFA, including CYPI11A1 (Fig. 3A-B).
Since P450SCC is a rate-limiting enzyme for PREG syn-
thesis, we hypothesized that NORFA promotes PREG
synthesis by inducing the expression of its coding gene
CYP11A1. Pearson correlation analysis revealed a signifi-
cant positive correlation between NORFA and CYP11A1
mRNA levels (Fig. 3C), and the expression level of
CYP11A1 was dramatically downregulated during fol-
licular atresia (Fig. 3D), which is similar to the alteration
pattern of NORFA. Quantitative assays showed that both
mRNA and protein levels of CYP11A1 were dramatically
decreased in NORFA-silenced sow GCs, whereas the
converse results occurred after NORFA overexpression
(Fig. 3E-F), indicating that NORFA induces CYPI1AI
expression in sow GCs. To further analyze whether
CYPI11A1 is a functional target of NORFA, a series of
experiments based on CYP11A1-siRNA were conducted
and we found that knockdown of CYPI11A1 disrupted the
promotion of PREG and E2 synthesis by NORFA, as well
as its pro-proliferative function in sow GCs (Fig. 3G-K,
Supplementary Fig. 1). Taken together, these results dem-
onstrate that CYP1IAI is a positive functional target of
NOREFA in sow GCs.

SF-1 induces CYP11AT1 transcription by acting as a
transcription activator

Our previous study has confirmed that NORFA can
sponge miRNAs by acting as a ceRNA in sow GCs.
Therefore, we wondered whether NORFA regulated
CYP11A1 expression in the same way. However, we did
not identify any miRNA that potentially mediates the
regulation based on bioinformatic analyses and RNA-
seq data (Fig. 4A-B). Besides, it was noticed that neither
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the overexpression nor the knockdown of NORFA had
a significant effect on the 3’-UTR activity of CYPI11AI
(Fig. 4C), indicating that miRNAs are not involved in the
regulation of NORFA to CYPI1IAI. Recent studies have
shown that cytoplasmic IncRNAs can directly bind to the
target mRNAs and regulate their stability. Analyses of
two algorithms (IntaRNA and LncTar) only found short
interaction regions and low binding energy between
NORFA and CYP11A1 mRNA (Fig. 4D). Notably, the
stability of CYP11A1 mRNA remained unaffected in sow
GCs after gain-or-loss function of NORFA (Fig. 4E). Col-
lectively, these findings demonstrate that the regulation
of NORFA to CYPI1A1I does not occur at the post-tran-
scriptional level.

To next clarify whether NORFA induces CYP11A1
expression at the transcription level, the promoter
of CYP11A1 was identified (Supplementary Fig. 2A),
and we found that NORFA significantly promoted its
transcription activity (Fig. 5A). Interestingly, SF-1, a
transcription factor encoded by NR5A1, was consid-
ered to mediate the regulation of NORFA to CYPI1AI
through promoter character analysis and NORFA-
mediated DETFs identification (Fig. 5B and Supple-
mentary Fig. 2B). Quantitative analyses showed that

overexpression of NR5A1 notably induced CYPI11Al
expression at both mRNA and protein levels (Fig. 5C-
D), while a significant positive correlation was
observed between the mRNA levels of NR5A1 and
CYP11A1 in sow follicles (Fig. 5E). Luciferase activ-
ity detection showed that overexpression of NR5AI
induced the activity of reporter vector containing
CYP11A1 promoter with wild-type SF-1 binding ele-
ment (SBE), but had no effect on the vector with
mutant SBE (Fig. 5F-G), indicating that SF-1 can rec-
ognize and bind to the SBE within CYP11A1 promoter,
which was further confirmed by ChIP assay (Fig. 5H).
In addition, ELISA was conducted and revealed that
SE-1 significantly facilitated the synthesis of PREG
and E2, which was reversed by CYP11A1I interference
(Fig. 5I-K). Taken together, these results demonstrate
that SF-1 induces CYP11A1 transcription and E2 syn-
thesis by acting as a transcription factor.

SF-1, induced by NORFA at the post-transcriptional level,
mediates the regulation of NORFA to CYP11A1

RNA-seq data showed that NR5A1 transcription
level was downregulated in sow GCs after NORFA
inhibition (Fig. 6A), while a significant positive
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Significance was analyzed by two-tailed Student’s t-test and ANOVA. “P<0.01

correlation between NORFA and NR5A1 levels was
identified (Fig. 6B), indicating that NORFA induces
NR5A1I expression, which was further confirmed by
quantitative analyses (Fig. 6C-D). Bioinformatic anal-
ysis and luciferase activity detection revealed that
the regulation of NORFA to NR5AI does not occur
at transcriptional level (Supplementary Fig. 3). ActD
chase assay was performed and found that knockdown
of NORFA shortened the half-life time of NR5A1
mRNA, which was prolonged by NORFA overex-
pression (Fig. 6E), indicating that NORFA stabilizes
NR5A1 mRNA at the post-transcriptional level. Inter-
estingly, RNA-FISH showed that NORFA colocal-
ized with NR5A1 mRNA in the cytoplasm (Fig. 6F),

suggesting a direct interaction between them. Predic-
tion by IntaRNA 2.0 found that NORFA potentially
bind to the 3’-UTR of NR5A1 mRNA through three
interaction regions, termed as IR1 (156—200 nt), IR2
(509-558 nt), and IR3 (633-682 nt) (Supplemen-
tary Fig. 4A). Moreover, six biotinylated fragments
of NORFA were constructed based on its secondary
structure (Supplementary Fig. 4B), and RNA pull-
down assays showed that full-length NORFA or frag-
ment with IR1, but not IR1 deletions, could pull
down NR5A1 mRNA (Fig. 6G), indicating that IR1 is
essential for NORFA to recognize and interact with
NR5A1 mRNA. Notably, NORFA with IR1 deletion
lost the ability to stabilize NR5A1 mRNA (Fig. 6H).
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Furthermore, quantitative analyses and ELISA showed
that SF-1 partially restored the expression of CYP11A1
and the synthesis of PREG and E2, which were inhib-
ited by NORFA knockdown (Fig. 6I-K). These findings
demonstrate that NORFA stabilizes NR5A1 mRNA by
directly binding to its 3’-UTR, and SF-1 at least par-
tially mediates the regulation of NORFA to CYPI1A1
expression and E2 synthesis.

NOREFA tethers SF-1 to shuttle into nucleus in sow GCs

As shown in Fig. 61 and K, overexpression of SF-1
only partially restored the CYPI1IA1 expression and
E2 level in NORFA-inhibited sow GCs, suggesting the
existence of additional regulatory mechanism between
NORFA and SF-1. Notably, ChIP and IF detection
showed that SF-1 overexpression was unable to fully
restore its enrichment on the promoter of CYPIIAI,
and the novel synthesized SF-1 were predominantly

located in the cytoplasm of sow GCs under the con-
dition of NORFA knockdown (Fig. 7A-B), indicating
that NORFA is essential for the nucleus translocation
of SF-1. Interestingly, colocalization analysis by FISH
and IF revealed that NORFA and SF-1 colocalized in
the cytoplasm and nucleus (Fig. 7C). To further vali-
date their physical interaction, RIP was conducted
and showed that SF-1 directly interact with NORFA
in sow GCs (Fig. 7D). Moreover, three potential inter-
action regions (60-120 nt, 310-450 nt and 510-650
nt) of NORFA with SF-1 were predicted by catRAPID
analysis (Fig. 7E). Five biotinylated NORFA frag-
ments (FL: full-length; F1: 1-160 nt; F2: 161-299 nt;
F3: 300-499 nt; F4: 500-739 nt) were constructed and
RNA pull-down assays showed that F1, F3 and F4 frag-
ments of NORFA were indispensable for its interaction
with SF-1 (Fig. 7F). These findings demonstrate that
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NORFA tethers SF-1 and induces its nucleus translo-
cation in sow GCs.

NORFA/SF-1/CYP11A1 axis inhibits the apoptosis and
death of sow GCs

Previous studies have demonstrated that NORFA and
E2 inhibit the apoptosis of sow GCs, which makes us
wonder whether NORFA inhibits sow GC apoptosis
through the SF-1/CYP11A1 axis. To address this, FACS
assays were performed and showed that knockdown of
CYP11A1 significantly increased the apoptosis and death
rate of sow GCs which was suppressed by the overex-
pression of NORFA or NR5A1 (Fig. 8A-B). Meanwhile,

overexpression of NR5A1 dramatically inhibited the
apoptosis and death rate of sow GCs which was induced
by NORFA knockdown (Fig. 8C). Besides, RT-qPCR was
performed and showed that NORFA inhibited Caspase3
expression and elevated the BCL2/BAX ratio in sow
GCs through the SF-1/CYP11A1 axis (Fig. 8D-F). Taken
together, these findings demonstrate that NORFA/SF-1/
CYP11A1 axis plays an important role in inhibiting the
apoptosis and death of sow GCs.
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Fig. 6 SF-1, induced by NORFA at the post-transcriptional level, mediates the regulation of NORFA to CYPT1A1. (A) The abundance of NR5AT transcript
in sow GCs after NORFA knockdown (NORFAP) was detected by RNA-seq. (B) Correlation between NORFA and NR5A1 expression levels was analyzed
using Pearson correlation analysis (n=16). (C-D) The effects of NORFA overexpression (NORFA®®) or knockdown (NORFA®) on the mRNA (C) and protein
(D) levels of NR5A1 in sow GCs were detected using RT-qPCR and western blotting (n=3). (E) Effects of NORFA overexpression (NORFA®) or knockdown
(NORFA®) on the stability of NR5AT mRNA were analyzed using ActD chase assays (n=3). (F) The colocalization of NORFA and NR5AT mRNA in sow GCs
was detected using RNA-FISH. Scale bar =10 um. (G) Schematic view of truncated fragment of NORFA (left panel), and the physical interaction between
NORFA and NR5A1T mRNA, as well as the interaction regions of NORFA were identified using RNA pull-down (right panel). (H) Effects of NORFA with IR1
deletion on the stability of NR5AT mRNA were detected using ActD chase assays (n=3). (I-K) The mRNA (I) and protein (J) levels of CYP11A1, PREG and
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blotting, and ELISA assays (n=3). Data were presented as mean +SEM with three independent replicates. Significance was analyzed by two-tailed Stu-

dent’s t-test and ANOVA. "P<0.05, "P<0.01

Discussion

Although huge amount of IncRNAs have been identified
in livestock and poultry recently with the widespread
application of high-throughput sequencing technology
[35], most of which have not been functionally anno-
tated. To our knowledge, only less than 400 functional
IncRNAs were identified in domestic animals. Never-
theless, IncRNAs have been considered as key regula-
tors of economic traits in livestock and poultry. For
instance, MyH1-AS promotes the growth trait of chicken
by inducing embryonic muscle development [36], TRT-
MES maintains the milk quality of cows by inducing fat
synthesis in BMECs [37], H19 improves the wool trait

of goats by promoting the proliferation of DPs [38], and
MREF increases the meat yield trait of pig by induc-
ing myogenic differentiation and regeneration [39]. As
another important economic trait, the reproductive trait
of domestic animals was investigated recently and found
it was also affected by IncRNAs. NORFA is the first vali-
dated sow fertility associated IncRNA, and is found to
inhibit GC apoptosis and follicular atresia in our pre-
vious study [29], which is similar to the function of E2.
However, the interaction between NORFA and E2 in
sow GCs was unknown. This study demonstrates that
NOREFA is a novel inducer of E2 biosynthesis via the
NR5A1/CYP11A1 regulatory axis, which deepens the
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understanding of functions of IncRNAs and expands the
NORFA-mediated regulatory network in sow GCs.
Interactions between E2 and IncRNAs have been
reported to be involved in the pathogenesis of multiple
diseases in the ovary and other tissues, including PCOS,
POF, endometriosis, breast cancer, thyroid cancer, and
renal cell carcinoma. For example, a positive feedback
regulatory loop formed between E2/ERfB and H19 pro-
motes thyroid carcinoma [40]. While, high level of TUG1
induces PCOS by inducing E2 synthesis [41]. However,
only a few studies have investigated the interaction
between E2 and IncRNAs in the ovaries of domestic ani-
mals, particularly in sow, and it is still unclear whether
IncRNAs regulate the reproductive traits and fertility of
sows by affecting E2 synthesis. Knapczyk et al. identified
23 DEIncRNA s in the ovaries of piglets exposed to 4-tert-
octylphenol (OP), a widely-used non-ionic surfactant to
mimic E2 [42]. On the other hand, only three IncRNAs
have recently been identified to regulate follicular devel-
opment by affecting E2 synthesis in sows, but all through
ceRNA mechanism. Specifically, nuclear NORSF reduces
E2 release by sponging miR-339 in sow GCs [23], IFFD
arrests follicular development by inhibiting E2 synthesis
[27], while SFED inhibits follicular atresia by promoting
E2 synthesis [28]. In this study, NORFA was identified to

induce E2 in sow GCs through interacting with NR5A1
mRNA and SF-1 in ceRNA-independent manners, unlike
the three aforementioned IncRNAs. Despite them, fur-
ther studies are needed to in-depth investigate the
interaction between E2 and IncRNAs in the ovaries of
domestic animals, and more functional IncRNAs should
be identified to reveal and expand the regulatory network
of E2 synthesis.

P450SCC, encoded by CYP11A1, is located in the inner
mitochondrial membrane and participates in a series
of energy metabolism related biological processes [43].
Similar to other protein-coding genes, the transcription
of CYPIIAI is regulated by histone modification, DNA
methylation, and TFs in multiple tissues among different
species [44—46]. However, researches on the post-tran-
scriptional regulation of CYP11A1I are limited, and only
8 miRNAs and 4 IncRNAs with the ability to regulate
CYP11A1 expression have been reported to date. Among
them, only miR-339 inhibits CYPI1AI expression by
directing binding to its 3’-UTR, and mediates the regula-
tion of Inc-2300 to CYP11A1 in sow GCs [47]. It is also
noteworthy that other 7 miRNAs, such as miR-101-3p,
regulate CYPI11A1 expression in an indirect manner [48],
and the regulatory mechanism of 3 additional IncRNAs
(SDNOR, Handosl, and Inc-SRA) remains unclear [49].
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Fig. 8 NORFA/SF-1/CYP11A1 axis inhibits the apoptosis and death of sow GCs. (A-C) The apoptosis (Q2 +Q3) and death (Q4) rates of sow GCs after the
indicated treatment were measured using FACS (n=3). (D-F) Caspase3 expression levels and BCL2/BAX ratio in sow GCs under different conditions were
detected by RT-qPCR analysis (n = 3). Data are presented as mean = SEM with three independent replicates. Significance was analyzed by ANOVA. ‘P < 0.05,

“P<0.01

Here, NORFA was identified as a novel IncRNA that
induces CYP11A1 expression in sow GCs through RNA-
seq and quantitative analyses. It is well-known that the
regulation mechanism of non-coding RNAs (miRNAs
and IncRNAs) depends on their sub-cellular localiza-
tion. NORFA is a nucleoplasmic IncRNA, indicating that
it may functions at different levels. Our findings showed
that NORFA induces CYPIIAI transcription through
interacting with SF-1, rather than at the post-transcrip-
tional level. To our knowledge, this is the first instance
of a IncRNA interacting with TF to regulate E2 synthe-
sis through affecting the expression of CYP11A1. Further
investigations are required to validate whether it is a uni-
versal regulation mechanism for E2 synthesis in the ova-
ries among mammals.

Orphan nuclear receptors (ONRs) are a subset of
nuclear receptor family with 25 members of TFs and
co-regulators, which regulate fertility, metabolism,
angiogenesis, immunity, and diseases by controlling
the transcription of a wide range of target genes [50,
51]. Recent studies indicated that interactions between
ONRs and IncRNAs are involved in multiple crucial bio-
logical processes. For example, NR2F1-AS1 induces lung

metastasis of breast cancer cells by promoting NR2F1
translation [52]. While, Nur77 activates the transcrip-
tion of WFDC2IP by acting as a TE, further attenuates
the glycolysis-meidated HCC [53]. As one of the most
important ONRs that is highly expressed in ovary and
indispensable for steroidogenesis and mammalian repro-
duction, the interaction between SF-1 and IncRNAs is
poorly known [54]. To date, only Hu et al. (2019, 2023)
reported that Inc-Gm2044 promotes SF-1 expression by
inducing the translation of NR5A1 mRNA in mouse GCs
[55, 56]. However, whether and how IncRNAs regulate
SE-1 expression in sow GCs has not yet been reported. In
this study, we demonstrate that NORFA promotes SF-1
expression by stabilizing NR5A1 mRNA in sow GCs for
the first time. In addition to the expression regulation,
NOREFA is also essential for SF-1 shuttling into nucleus to
activate CYPI1A1I transcription, indicating that NORFA
has the same canonical regulatory mechanism to the
previously identified IncRNAs [57-59]. These findings
reveal the regulation of IncRNA to SF-1, and elucidate
the regulatory mechanism of IncRNA/TF axis to E2 syn-
thesis in sow GCs. Further studies are needed to clarify
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Fig. 9 A working model of the NORFA/SF-1/CYP11A1 regulatory axis in sow GCs. © NORFA stabilizes NR5AT mRNA by binding to its 3-UTR. @ NORFA
interacts with SF-1 and induces its nucleus transferring. ® SF-1, as a transcription activator, induces CYPT1AT transcription by binding to its promoter.
@ Up-regulation of P450SCC, encoded by CYP11A1, accelerates the conversion from CHOL to PREG, and induces the biosynthesis of E2, which further
maintains the normal states of GCs and inhibits follicular atresia. A4 and A5 indicate androstenedione and androstenediol, respectively, which are the
important intermediates of A4 and A5 pathway. TE indicates testosterone, which is the precursor of E2

the mechanism by which NORFA regulates the nuclear
shuttling of SF-1.

Conclusion

In summary, we have investigated the epigenetic regu-
lation of steroidogenesis in sow GCs and identified
NOREFA as a novel inducer of E2. NORFA promotes the
expression of SF-1 at post-transcription level, and also
induces the nucleus transfer of SF-1 to activate the tran-
scription of CYP11A1, ultimately enhances E2 synthesis
and inhibits GC apoptosis (Fig. 9). Our findings establish
a bridge (SF-1/CYP11A1 axis) between NORFA and ste-
roidogenesis, which contributes to further understanding
of the regulatory mechanism of IncRNAs in reproductive
system, and provides new clues for improving ovarian
health and female fertility.
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