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Abstract

Non-coding RNAs (ncRNAs) induced competing endogenous RNAs (ceRNA) play crucial roles in
various biological process by regulating target gene expression. However, the studies of ceRNA
networks in the regulation of ovarian ovulation process of chicken remains deficient compared to
that in mammals. In the present study, it was revealed that circEML1 was differential expressed in
hen’s ovarian tissue at different ages (15W, 20W, 30W and 68W) and identified as a loop structure
from EML1 pre-mRNA, which promoted the expressions of CYPI9A1 and StAR and the
production of E2 and P4 in follicular granulosa cells (GCs) using qRT-PCR and ELISA.
Furthermore, circEML1 was proved to serve as a sponge of gga-miR-449a to participate in the
steroidogenesis using the dual luciferase reporter, RNA FISH assays, qRT-PCR and ELISA assays.
In addition, we evaluated several potential target genes of gga-miR-449a and found that IGF2BP3
was targeted by gga-miR-449a and promoted steroidogenesis and E2/P4 secretions in GCs, which
may act the regulatory role via mTOR/p38MAPK pathways. Meanwhile, we implemented a rescue
experiment and demonstrated that gga-miR-449a reversed the promoting role of circEML1 on
IGF2BP3 expression and steroidogenesis. Eventually, this study suggested that circEML1/gga-miR-
449a/IGF2BP3 axis exerted an important role in the regulation of steroidogenesis and steroid
hormones’ production possibly through mTOR/p38MAPK pathways in follicular GCs of chicken
and may contribute a better understanding of ceRNA network in the modulatory mechanism of hen’s
ovarian development and ovulation cycle.
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Introduction

In the past decade, a plenty of functional non-coding RNAs (ncRNAs), including microRNAs
(miRNAs), long non-coding RNAs (IncRNAs) and circular RNAs (circRNAs) were identified
within eukaryotic cells to mediate cellular biological processing through pre- and post-
transcriptional regulation and then participate in the multiple regulating mechanisms of growth
development, reproductive processing, even disease and cancer, and so on [1-4].In particular,
miRNAs are well-known with a short sequence in 20-22 nt to suppress the transcriptional and
translational levels of target genes typically by complementary pairing between the converted seed
sequence of miRNA and the 3’-untranslated region (3’- UTR) of messenger RNA (mRNA)[5-7].
Recently, there were numerous studies have reported that the functional miRNAs play a primary

role in the regulation of ovarian function, including follicular development and atresia, follicular
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granulosa cells (GCs) proliferation and apoptosis, steroid synthesis, and ovarian cancer[8-13], such
as in mammals, miR-26b, miR-34a, miR-125a-5p, miR-182 and miR-92a could induce follicular
granulosa cells (GCs) apoptosis by targeting their own genes’ 3’UTR [14-17], and miR-125b, miR-
375, miR-150, miR-873 and miR-202 could influence steroid synthesis via inhibiting the expression
of target genes[12, 18-20]; while in chicken, there were only several researches demonstrated that
miR-26a-5p, miR-1b-2p, miR-205b and miR-23b-3p may be involved in the modulation of
follicular development and steroid hormones synthesis[21-23]. Furthermore, circRNAs are
generated from back-splicing of pre-mRNA as loop structures without 5’ to 3’ polarity and
polyadenylated tail, including exonic circRNA, intronic circRNA and exonintron circRNA, which
are highly stable in multiple tissues, and exonic circRNA have been reported to serve as a sponge
of miRNA to affect the transcription and translation of downstream genes [24-26], while other types
of circRNAs also exerted their functions via directly binding and encoding protein[27, 28]. Until
now, numerous studies have proved that circRNAs could regulate mammals’ ovarian granulosa
cell proliferation and apoptosis, steroidogenesis, as well as participate in the development and
progression of ovarian cancer through sponging miRNAs and promoting the expression of
downstream genes as a competing endogenous RNA (ceRNA) network, such as circRNA
FGFR3/miR-29a-3p/E2F1 axis, circRNA UBAP2/miR-382-5p/PRPFS axis, circRNA Cdrlas/miR-
1270/SCALI axis, circWHSC1/miR-145 and miR-1182/ MUC1 and hTERT axis, and so on [29-32].
However, circRNAs act as a sponge of miRNA to regulate follicular development and steroid
synthesis in chicken is still relatively lagging behind.

In our pervious study, we found serval potential functional miRNAs, especially gga-miR-449
family may be involved in the modulation of steroid synthesis, in the transcriptome sequencing
analysis of ovarian tissue at the four different ages (15w, 20w, 30w and 68w) of hens [33]. Within
a deeper research, we found that gga-miR-449a (5’-UGGCAGUGUAU GUUAGCUGGU -3°),
gga-miR-449b-5p (5’- AGGCAGUGUGCUGUUAGCGGCUG -3’) and gga-miR-449¢-5p (5°
UGGCAGUGCGUCUUAGCUGGCUGU 3°) has the same binding site in the gga-miR-449
family and found novel circ_0010840 (circEML1) was predicted to have highly binding capacities
with the three miRNAs using RNAhybird (http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/),
which obtained from our previous whole transcriptome sequencing dataset. Therefore, in this

present study, we would investigate and seek the regulatory role of their possible regulatory ceRNA
networks on steroid synthesis and hormones secretion in hen’s GCs, to reveal the functions of the
non-coding RNAs on hens’ ovulation cycle and reproductive mechanism and provide a new
approach for hens’ breeding and the improvement of egg-laying traits.

Results

CircEML1 promote the steroid synthesis and secretion of GCs

From the previous transcriptome database, novel circ 0010840 was predicted to share the
complementary sequence with gga-miR-449a, gga-miR449b-5p, and gga-miR-449c¢-5p and
differently expressed in ovarian tissue at the age of 15W, 20W, 30W and 68W, especially highest
expression presented in the ovary of 30W using the analysis of transcriptome and qRT-PCR, which
might participate to the regulation of steroidogenesis in follicular GCs (Fig. 1a). Then, we identified
the loop structure and distribution of novel circ 0010840 using the PCR amplification, gel
electrophoresis, RNase R treatment and the nuclear mass separation analysis. In the results, it
demonstrated that novel circ_ 0010840 (named as circEML1) originated from back-spliced exon 2,
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3 and 4 circularization of EMAP like 1 (EML1) gene and had a highly stable expression in ovarian
tissue of hens by treating RNase R (Fig. la-c) and a higher abundance in cytoplasmic of GCs
compared to that in the nuclear (Fig. 1d), which indicated that circEML1 may function as a sponge
of miRNA. Then, we evaluated the regulation of circEML1 on steroid synthesis and secretion in
follicular GCs of hens by the qRT-PCR and ELISA assay and found that the expression of circEML1
was significantly promoted by treating circEML1 overexpression, which could notably increase the
mRNA expressions of CYP19A1 and StAR (p < 0.01 or p < 0.05), while remarkably downregulate
CYPI11ALI expression in GCs (p < 0.05) (Fig. le and f). Furthermore, the concentrations of E2 and
P4 in GC had a measurable rise after the stimulation of overexpression of circEMLI (p <0.05 or
p <0.01), except for androgen’s level (Fig. 1g). Thus, all of these results indicated that circEML1
could facilitate steroid synthesis and the production of E2 and P4.

Fig. 1 The expression and characteristics of circEMLI1 and the regulatory role of circEML1 on
steroid synthesis in follicular GCs. (a) The relative expression of circEMLI1 in ovarian tissue at
different ages of hens; (b)The loop structure of cieccEML1; (c) Divergent primers amplify circEML1
in cDNA but not genomic DNA (gDNA); (d) The expression of circEML1 and B-actin in ovarian
tissue by treating RNase R; (e) The expression of circEML1 and B-actin in nucleus and cytoplasmic
in granulosa cell; (f) The efficiency of circEMLI1 overexpression in GCs; (g) The relative mRNA
expression of the key genes related steroid synthesis in GCs; (h) The concentrations of E2, P4 and
androgen in GCs.

CircEML1 acted as a sponge of gga-miR-449a

To deeply research the potential ceRNA networks of circEML1 with gga-miR-449a, gga-miR-449b-
5p and gga-miR-449¢c-5p, we determined the expressions of the three miRNAs after transfected
circEML1 overexpression in GCs and it was showed that circEML1 suppressed the expression of
gga-miR-449a and gga-miR-449b-5p (p < 0.05), while it had no effect on the expression of gga-
miR-449¢-5p (Fig. 2a). Furthermore, we detected the target relationship with gga-miR-449a/gga-
miR-449b-5p using the dual luciferase reporter assay, which displayed that the relative luciferase
activity significantly decreased in the treatment of circEML1 WT and gga-miR-449a mimic
compared to that in the other treatments, which indicated that circEML1 could directly bind to gga-
miR-449a (p <0.01) (Fig. 2b). However, there were no change in all the treatments when co-
transfected with gga-miR-449b-5p mimic/NC and circEML1 WT/MUT. Moreover, FISH assay
demonstrated that there was co-location of circEML1 and gga-miR-449a in the cytoplasmic (Fig.
2¢). These results indicated that circRMLI1 could sponge gga-miR-449a and might facilitate the
steroidogenesis of follicular GCs by downregulating its expression.

Then, to confirm the postulation, we transfected the mimic or inhibitor of gga-miR-449a into the
GCs. The significant upregulation of gga-miR-449a was noticed after the stimulation of gga-miR-
449a mimic, and vice versa (p < 0.01) (Fig. 3a). In addition, gga-miR-449a could alter the promotion
of circEMLI1 on steroidogenesis and suppress the mRNA expression of CYP19A1 and StAR
(» <0.01), whereas upregulate the mRNA expression of CYP11A1 (p <0.01), and inhibit the
production of E2 and P4 in follicular GCs (p < 0.05) (Fig. 3b and c). These results indicated that
circEML1 could modulate the steroid synthesis and secretion by sponging gga-miR-449a.

Fig. 2 CircEML1 acted as a sponge of gga-miR-449a. (a) The relative expression of gga-miR-449a,
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gga-miR-449b-5p and gga-miR-449¢c-5p in GCs by treating circEML1 expression; (b) Dual
luciferase reporter assay for detecting the interaction between circEMLI1 and gga-miR-449a/gga-
miR-449b-5p in DF-1 cell; (c) RNA FISH assay for circEML1 and gga-miR-449a. Red, circEML1;
Green, gga-miR-449a; Blue, DAPI; Merge, the merge of circEML1, gga-miR-449a and DAPIL.

Fig. 3 The effect of gga-miR-449a on the gene expression of the key genes related steroid synthesis
and the secretion on steroid hormones. (a) The transfection efficiency of gga-miR-449a mimic or
inhibitor; (b) The mRNA expression of key genes related steroid synthesis in GCs by transfecting
gga-miR-449a; (c) The concentrations of steroid hormones in GCs by transfecting gga-miR-449a,
IGF2BP3 was targeted by gga-miR-449a and promoted steroidogenesis in GCs

To better understand the action of circEML1 induced ceRNA network, we predicted several
potential targeting gene associated with the modulatory role of gga-miR-449a on steroidogenesis by
using TargetScan (http://www.targetscan.org/) and miRanda (http://www.microRNA.org/)
database, including PGRMCI1, MMP2, IGF2BP3, BMP3 and E2F5. Then, we detected the
expression of these potential target genes after transfection with gga-miR-449a mimic. The results

were demonstrated that gga-miR-449a expression was extremely higher in the treatment of gga-
miR-449a mimic than that in control and the mRNA expression of IGF2BP3 could be significantly
downregulated (p < 0.01), while the other potential genes were not impacted by gga-miR-449a (Fig.
4a and b). In addition, the protein expression of IGF2BP3 was also notably declined by treating gga-
miR-449a mimic (p < 0.05) (Fig. 4c), all of which indicated that gga-miR-449a could target and
inhibit the expression of IGF2BP3 at transcription and translation. Furthermore, the dual luciferase
reporter system was conducted to further explore the target relationship of IGF2BP3 with gga-miR-
449a and noticed that the luciferase activity of IGF2BP3 WT transfected with gga-miR-449a mimic
in DF-1 cell were significantly decreased (p<0.01) compared to that in the other treatments, which
indicated that IGF2BP3 3’UTR had the complementary binding site with gga-miR-449a (Fig. 4d).
Then, we further identified the regulatory role of IGF2BP3 on steroid synthesis and hormones
secretion in GCs and it demonstrated that overexpression of IGF2BP3 could extremely rise the
mRNA and protein expression of IGF2BP3, and vice versa (Fig. 4e). Moreover, IGF2BP3 could
upregulate the expression of CYP19A1 and StAR (p <0.01 and p < 0.05), while downregulate the
expression of CYP11A1 (p <0.01), and increase the secretion of E2 and P4 (p < 0.01) (Fig. 4 fand
g), which were consistent with the overexpression of circEML1 and opposite with the stimulation
of gga-miR-449a. All of these results indicated that circEMLI1 facilitated the steroid synthesis and
secretion in follicular GCs through the gga-miR-449a/IGF2BP3 axis.

Fig. 4 IGF2BP3 was targeted by gga-miR-449a and promoted the steroid synthesis and secretion.
(a) The transfection efficiency of gga-miR-449a mimic; (b) The relative expression of potential
target genes of gga-miR-449a in GCs after transfection with gga-miR-449a mimic; (c) The protein
expression of IGF2BP3 in GCs after transfection with gga-miR-449a mimic; (d) The relative
luciferase activity of the co-transfection of gga-miR-449a and IGF2BP3 in DF-1 cell; (e) The
mRNA and protein expressions of IGF2BP3 in GCs after treating IGF2BP3 overexpression or
interference; (f) The mRNA expression of key genes related steroid synthesis after transfecting
IGF2BP3 overexpression or interference; (g) The concentrations of steroid hormones after
transfecting IGF2BP3 overexpression or interference.
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According to the above results, to search the further regulatory mechanism of IGF2BP3, we deeply
studied the potential related signaling pathways of IGF2BP3 and treated with their inhibitors-AKT
pathway (AKT-I), P13K pathway (PI3K-I), mTOR pathway (mTOR-I), p38MAPK pathway
(p38MAPK-I) and IGF pathway (IGF-I), which have been reported before [34-36]. The results
demonstrated that the expressions of IGF2BP3 have no significant difference among all the
treatments expect to co-treat with overexpression of IGF2BP3, which revealed that IGF2BP3
expression wasn’t impacted by inhibiting these pathways (Fig. 5a). Moreover, the expressions of
CYPI19AI1, StAR, CYP11A1 and 3B-HSD were significantly higher or lower (p < 0.01 or p < 0.05),
and the levels of E2 and P4 have remarkably risen (p <0.05) after co-transfected DMSO and
overexpression IGF2BP3 compared to the treatment of DMSO alone in GC (Fig. 5a and b), all of
which were generally consistent with the results of overexpression of IGF2BP3 alone. Some of the
steroidogenesis genes’ expressions, the receptors’ expressions of FSH and LH, and the
concentrations of E2 and P4 were significantly impacted after co-transfected the inhibitors of AKT,
PI3K and IGF pathways with overexpression of IGF2BP3, separately, compared to those in the
treatments of the above inhibitors alone (p < 0.01 or p < 0.05), which showed similar tendencies in
comparison to those of the treatments of DMSO and DEMSO + IGF2BP3 (Fig. 5a and b). However,
most of the key related genes of steroidogenesis and steroid hormones haven’t been changed
between the treatments of mTOR-I and mTOR-I + IGF2BP3, or the treatments of p38MAPK-I and
p38MAPK-I + IGF2BP3, which indicated that the regulatory role of IGF2P3 in steroid synthesis
was suppressed if inhibiting mTOR or p38MAPK signaling pathways.

Fig. 5 The evaluation of the potential related signaling pathways of IGF2BP3 regulating steroid
hormone synthesis and hormone secretion. (a) The gene expression of IGF2BP3 and the key genes
related steroid synthesis in GC after transfected the inhibitors of potential signaling pathway alone
or co-transfected with overexpression of IGF2BP3; (b) The concentrations of steroid hormones in
GC after transfected the inhibitors of potential signaling pathway alone or co-transfected with
overexpression of IGF2BP3.

Re-validation of the ceRNA network on the regulation of steroidogenesis

To re-valid circEML1 act a ceRNA to sponge gga-miR-449a and enhance the expression of
IGF2BP3 and modulate the steroidogenesis in GCs, we performed a rescue experiment with co-
transfecting circEML1 overexpression and gga-miR-449a mimic to investigate whether gga-miR-
449a mimic can reverse the function of circEMLI or not. In the results, it was revealed that gga-
miR-449a mimic could reverse the suppression of circEMLI1 in gga-miR-449a expression and the
promotion in the mRNA and protein expression of downstream target gene-IGF2BP3 (p < 0.01 and
p <0.05) (Fig. 6a). Furthermore, it also eliminated the facilitation of circEML1 in the expression of
CYPI19AI and StAR (p <0.01 and p <0.05), as well as the productions of E2 and P4 (»p <0.01)
(Fig. 6b and c). Collectively, all of the above results suggested that circEML1 could upregulate the
expressions of CYP19A1 and StAR and increase the secretions of E2/P4 in follicular GCs of hens
by sponging gga-miR-449a to promote the mRNA and protein of IGF2BP3, which may play the
regulatory role through activating mTOR/p38MAPK pathways (Fig. 7).

Fig. 6 Gga-miR-449a reversed the regulatory role of circEML1 on the expressions of gga-miR-449a
and IGF2BP3 and the promoting effect of steroid synthesis. (a) The mRNA expression of gga-miR-
449a after transfection with cicrEML1 overexpression and gga-miR-449a mimic/NC in GCs; (b)
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The relative mRNA and protein expression of IGF2BP3 in GCs; (¢) The relative mRNA expressions
of the key genes related steroid synthesis in GCs; (d) The concentrations of E2, P4 and androgen in
GCs.

Fig. 7 The working model of circEML1-induced ceRNA network.
Discussion

Ovarian development and function were highly associated with the egg-laying performance of
hens, and steroidogenesis and steroid hormones are essential for the whole ovulation processing of
hens, including follicular selection, growth and maturation, even atrophy, and mainly estradiol and
progesterone produced by follicular cells could stimulate follicular development and ovulation,
leading to maintain egg-laying mechanism [37-39]. In our previous transcriptome database, we
found circEML1 was differentially expressed in hens’ ovarian tissue at the ages of 15W, 20W, 30W
and 68W, and the highest expression of circEML1 was presented in the ovary of 30W. It is well-
known that hen’s ovary contained a large numerous of follicles with different sizes and strongly
produced steroid hormones to maintain the ovulation processing during the peak laying period (30-
40w), which indicated that the regulatory role of circEML1 might be associated with
steroidogenesis[40, 41]. In recent years, circRNAs have been proven to drive as a sponge of miRNA
to competitively bind miRNA and release the expression of downstream target genes, which
participated in the modulation of reproductive mechanism in various mammals, including follicular
GC proliferation, apoptosis and steroidogenesis, for instance, circEGFR increased E2 secretion and
enhance ovarian GC proliferation by regulating miR-125a-3p and Fyn; ssc-circINHA-001 regulated
follicular GC apoptosis via sponging miR-241-5p, miR-7144-3p and miR-9830-5p to enhance the
expression of downstream gene INHBA; and the depletion of circLDLR could decrease estrogen
secretion via regulating miR-1294 and CYP19A1 expression as a ceRNA network [42-44]. However,
there were only few researches of circRNA reported to regulate the ovarian development in avian,
such as circRNA aplacirc 013267 could promote granulosa cell apoptosis by sponging apla-miR-
1-13 and increasing the expression of THBS1 [45]. Therefore, in the present study, we investigated
the regulatory role of circEML1 on steroid synthesis and secretion, and discovered that circEML1
could facilitate the expressions of CYP19A1 and StAR, as well as the productions of E2 and P4, as
we expected. In addition, we predicted a high binding ability of circEML1with gga-miR-449a, gga-
miR-449b-5p and gga-miR-449¢c-5p (shared a same seed sequence) and further verified that
circEMLI acted as a sponge of gga-miR-449a in cytoplasm to suppress the expression of gga-miR-
449a.

Interestingly, in mammals, the two clusters of miR-449a/b/c family and miR-34b/c family were
known to have overlapping functionality in multiple biological processes, including the male
reproductive system and ovarian cancer’s development [46-49]. Furthermore, circGFRAI,
circCCNDB1 have been discovered to inhibit cell senescence and promote ovarian cancer
progression by sponging miR-449a, respectively [50]. However, in our study, gga-miR-449a was
proven to inhibit the steroid synthesis and steroid hormones’ secretions in follicular granulosa cells
of chicken, which was opposite with the effect of circEMLI and indicated that circEML1 could
function as gga-miR-449a sponge to regulate the steroidogenesis of hen’s GCs. In addition, we
further investigated several potential target genes to improve the regulatory mechanism of
circEML1/gga-miR-449a-induced ceRNA network and found that gga-miR-449a could target
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IGF2BP3 and inhibited the mRNA and protein expression of IGF2BP3 in follicular GCs. However,
IGF2BP3 is well-known as a member of insulin-like growth factor-2 mRNA-binding proteins, and
promote target mRNAs stability and translation as a N6-methyladenosine (m°A) reader, such as
IGF2, MYC, ACTB and AML, which is also present in multiple tissues and mainly associated with
tumorigenesis and tumor development as a biomarker of cancer [51-56]. In recent two years, there
were a few miRNAs have been reported to target IGF2BP3 for the regulation of different tissue and
cancer cells proliferation and invasion, such as mi-127-5p, miR-9-5p, miR-370, miR-142-5p, miR-
320b and so on [57-61]. Although there was no direct report of IGF2BP3 participated in ovarian
steroid synthesis, some studies have reported IGF2BP3 modulated early embryo and oocyte
development in aqua [62, 63]. Furthermore, numerous researches have demonstrated that insulin-
like growth factor 2 (IGF2) can be involved in endocrine and paracrine regulation of mammals’
ovarian function, including follicular development, follicular atresia and the promotion of
steroidogenesis and steroid hormones excretion, which was post-transcriptionally regulated by
IGF2BP3[39, 64-66], and all of those implied that IGF2BP3 might exert a major role on the ovarian
function of chicken. Thus, our results demonstrated that overexpression of IGF2BP3 could
upregulate the expression of CYP19A1 and StAR and facilitate the levels of E2 and P4 in follicular
GCs, which was consistent with those results of overexpression of circEML1 and inhibition of gga-
miR-449a. Some researches have reported that IGF2BP3 could act as an upstream regulator of
AKT/mTOR signaling in hepatocellular carcinoma and promote nasopharyngeal carcinoma
migration and invasion by activating the AKT/mTOR signaling pathway[36, 67]. In addition,
IGF2BP3 has also been revealed to evoke p53, p38/MAPK signal transduction events, and involved
in the occurrence and development of acute myeloid leukemia (AML)[68]. However, in this study,
we found that the regulatory function of IGF2BP3 on steroid synthesis and hormones secretion
depressed if co-treated with the inhibitors of mTOR and p38MAPK pathways in follicular GC,
which indicated that the regulation of IGF2BP3 may act through the activation of mTOR/
p38MAPK pathways and enriched the biological functions of IGF2BP3.

Furthermore, we performed a rescue experiment to re-valid the function of ceRNA network
through overexpression of circEML1 and gga-miR-449a mimic/NC. It was demonstrated that gga-
miR-449a could reverse the modulatory function of circEML1 on the mRNA and protein expression
of IGF2BP3 and steroid synthesis and E2/P4 secretions. Therefore, all of these results have provided
a robust evidence that cirEML1 could facilitate steroid synthesis in follicular GCs of chicken by
sponging miR-449a to promote the expression of downstream target gene-IGF2BP3.

Collectively, this present study first systematically illustrated that circEML1-induced ceRNA
network (circEML1/gga-miR-449a/IGF2BP3) could facilitate steroidogenesis and the secretions of
E2 and P4 in follicular GCs of hens’ ovary by sponging gga-miR-449a to promote IGF2BP3
expression, which possibly play the regulatory role in follicular GCs by activating
mTOR/p38MAPK signaling pathways. Meanwhile, these findings may contribute a better
understanding of non-coding RNAs’ function on steroid synthesis and ovarian ovulation process, as
well as provide a new approach for laying hens’ breeding and the improvement of egg-laying traits.

Materials and Methods

Ethics approval
The animals used in this study were treated in accordance with the guide for the administration of
affairs concerning experimental animals and approved by the Animal Care and Use Committee at
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Henan Agricultural University (Permit Number: 19-0068).

Granulosa cell collecting and culture

A total of 40 laying hens at the ages of 30~40 weeks-old were chosen to remove the whole ovary
tissue, then stored in a PBS buffer with adding 3% double antibody and immediately isolated the
granulosa layer from prehierarchical follicles (Lovell and T., 2003). All of the collected granulosa
cells were mixed into an RN Aase-free 1.5 ml centrifuge tube and rapidly cut into small pieces, then
added a 0.25% trypsin with equal volume and digested for 10mins in an incubator at 37°C and 5%
CO,. The obtained solution was filtered using a 200um screen and the precipitates were collected
by centrifugation at 1,800 rpm for Smins. Then we received cell suspension using the complete
medium with 2.5% bovine serum and 1% double antibody after repeating the centrifugation process
when suspended the precipitates with a PBS solution. The cell suspension was plated in 12-well
plates and cultured in an incubator with the same setting as above for growing ~12 h before
transfection, as described in the previous study [33].

Characterization and distribution of circEML1

The convergent and divergent primers of circEML1 were designed by Oligo 7 and synthesized by
Qingke Bio (Shown in Table 1). The cDNA and gDNA samples were extracted and obtained from
the above hens, and then the cDNA and gDNA PCR products were run on 2% agarose gel
electrophoresis after PCR amplification treatment. RNase R assay was carried out by incubating
total RNA of ovarian tissue with or without RNase R treatment at 37°C for 30min. The treated RNA
was reverse transcribed into cDNA and determined the expression of circEML1 by qRT-PCR.
GCs were cultured and digested by 0.25% trypsin before transfection, then collected into an
RNAase-free 1.5 ml centrifuge tube for the distribution of circEML1 in cell nucleus and cytoplasm
assay. The isolation and extraction of GCs nucleus and cytoplasm fractions were performed using
PAPIS™Kit (Invitrogen, Shanghai, China) following the manufacturer’s protocols and detected the
expression of circEML1 by qRT-PCR.

Plasmids construction and cell transfection

The overexpression plasmid of novel circ 0010840 were synthesized by Geneseed Biotech
(Guangzhou, China), the full-length was cloned into pCD25-ciR vector to obtain circEML1-pCD25-
ciR, and pCD25-ciR was used as its negative control (pCD25-ciR NC). The mimics and inhibitors
of gga-miR-449a and their negative controls (NC and NCR) were synthesized by RiboBio
(Guangzhou, China). The overexpression plasmid of IGF2BP3 (pcDNA3.1-IGF2BP3) were built
and cloned by isolating chicken IGF2BP3 CDS region and inserting into pcDNA3.1-EGFP vector
using restriction enzymes EcoRl and Hindlll, and the cloned pcDNA3.1-EGFP was used as a
negative control (pcDNA 3.1 NC). The interference fragment-IGF2BP3 (si IGF2BP3) and its
negative control (si NC) were purchased from RiboBio (Guangzhou, China). The follicular GCs
were cultured into 12-well cell plates and transfected with the treatment of pCD-ciR NC, circEML1-
pCD25-ciR, gga-miR-449a mimic/NC, gga-miR-449a inhibitor/NCR, pcDNA3.1 NC, pcDNA3.1-
IGF2BP3, si NC, si IGF2BP3, circ EML1-pCD25-ciR +NC mimic or circEML1-pCD25-ciR+gga-
miR-449a mimic after the cell density reached >70% using Lipofectamin™ 3000 or riboFECT CP
Transfection Kit, individually, according to the manufacturer’s protocols. Furthermore, the
inhibitors of AKT (1um Afuresertib hydrochloride), PI3K(25um LY294002), mTOR(100um
Rapamycin), p38MAPK(20um SB203580), and IGF(20um BMS536924) pathways were selected
with 0.1% DMSO as negative control, which were transfected alone or co-transfected with
overexpression of IGF2BP3 in follicular GC using LipofectaminTM 3000 Kit (Invitrogen, Shanghai
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China), respectively. After that, cells were incubated for 36h and collected for subsequent
experiments.

Quantitative real time PCR (qRT-PCR)

Total RNA of GC was extracted using Trizol reagent after 36h post-transfection, and then frozen at
-80 °C for the following study. The gene and miRNA cDNA was obtained from RNA using
HiScript® III 1st Strand cDNA Synthesis Kit (+gDNA wiper) and HiScript® III RT SuperMix for
gqRCR (+gDNA wiper) (Vazyme, Nanjing, China). The quantitative real time PCR (qQRT-PCR) was
performed to determine the relative expressions of genes and miRNAs using ChamQ Universal
SYBR gqPCR Master Mix (Vazyme, Nanjing, China) according to the manufacturer’s guideline. And
the relative expressions of genes and miRNAs were calculated using the 2-22Ct method with B-actin
and U6 as their reference genes, respectively. All the primers including the following primers used
in this study were designed by Oligo 7 software and listed in Table 1.

Table 1. The primers of genes presented in the study

Gene Sequence of nucleotide

novel circ 0010840 5" -TGGTACAAACACTGCCTTTAAGGA-3’
convergent primer 5" - CTCAGCAGAGCTGGTTCTCTTAAC -3°
novel circ 0010840 5'- GAACAGTGAAAGCAAACCCAAG-3’

divergent primer 5- GGAGAAGGTAAAGAGCCACTTG -3’
CYPI19A1 5’- GGCCTCCAGCAGGTTGAAAG -3’
5- ATAGGCACTGTGGCAACTGG -3’
CYP11Al 5’- GTGGACACGACTTCCATGACT-3"
5'- GAGAGTCTCCTTGATGGCGG-3"
3B-HSD 5’- TGGAAGAAGATGAGGCGCTG -3’
5’- GGAAGCTGTGTGGATGACGA-3’
StAR 5’- GTCCCTCGCAGACCAAGT -3°
5’- TCCCTACTGTTAGCCCTGA-3"
FSHR 5’- GAGCGAGGTCTACATACA -3’
5'- GCACAAGCCATAGTCA-3’
LHR 5’- GGGCTTTCCCAAGCCTACAT -3’

novel circ_0010840 5~ ccgetcgagTGGTACAAACACTGCCTTTAAGGA -3°

WT 5’- ataagaatgcggccge CTCAGCAGAGCTGGTTCTCTTAAC -3°
novel circ 0010840 5’- ccgetcgagTGGTACAAGAGACTAATTTAAGGA -3°
MUT 5’- ataagaatgcggccge CTCAGCAGAGCTGGTTCTCTTAAC -3°
PGRMCl1 5'- AGATCGTGGGCTCACCTCTA -3’
5'- AGCTGCTCCAGTGTGAAGTC -3’
BMP3 5'- ACAGGGCAAAGAGTAAGAAAAAG -3°
5'- AGATAGCGTCGGGCACAATA -3’
MMP2 5’- CGATGCTGTCTACGAGTCCC -3’
5’- TAGCCCCTATCCAGGTTGCT -3’
IGF2BP3 5’- TCCTGGTGAAGACGGGCTAC -3’
5’- CTTTTAGGGACCGAATGCTC -3’
E2F5 5’- GCCTTCCAGACTCAGTGTTG -3’

F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R 5-TGGTGTCTTTATTGGCGGCT-3’
F
R
F
R
F
R
F
R
F
R
F
R
F
R

5’- GGCTCCTCCATCTTTGCTAT -3’
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IGF2BP3 WT 5'- ccgetcgagTTACATAACACTGCCATGAATA -3°
5’- ataagaatgcggccgc AGTCCGTAGTACTCCTGGCTGG -3°

IGF2BP3 MUT 57- ccgetcgagTTACATAATGACATAGTGAATAACCTAAGG GA -

A w ™ x ™

5’- ataagaatgcggccgc AGTCCGTAGTACTCCTGGCTGG -3°
B-actin F 5- CAGCCAGCCATGGATGATGA-3’
R 5- ACCAACCATCACACCCTGAT-3’

ELISA assay for steroid hormones

The cell supernatant per well was extracted after centrifugation 3000 rpm for 20min and determined
steroid hormones’ concentrations according to the guidelines of the chicken Estradiol (E2),
progesterone 4 (P4) and Androgen ELISA kits, which provided by Jiangsu Meimian Industrial Co.,
Ltd (Yangcheng, China).

West-blotting assay

The qRT-PCR assay was performed to determine the mRNA expression of IGF2BP3 after post
transfection in follicular GC following the process in above. The west-blotting assay was carried
out to determine the protein concentration of IGF2BP3 in follicular GC. The protein of GC were
collected after 36h post-transfection and treated using Pierce TM Rapid Gold BCA protein assay kit
(Elabscience, Wuhan, China) according to the manufacturer’s protocols. The primary antibodies of
IGF2BP3 and GAPDH were purchased from Novusbio (Littleton, CO, USA) and Affinity
(Cincinnati, OH, USA), respectively, and the secondary antibody (HRP-Goat anti Rabbit) was
provided by Elabscience (Wuhan, China). The OD value of target band was detected by the
AlphaEaseFC software system.

Dual-luciferase reporter assay

The wild type (WT) and mutant type (MUT) primers of the sequence of circEML1 and the 3’UTR
region of IGF2BP3 were designed to contain or change the predicted binding site with gga-miR-
449a or gga-miR-449b-5p (shown in Table 1), and cloned into psiCHECK II plasmid with restriction
enzymes Not | and Xhol I (Takara, Dalian ,China). The obtained plasmids were named as circEMLI1
WT, circEML1 MUT, IGF2BP3 WT and IGF2BP3 MUT, individually.

DF-1 cell, as a well-known cell line of chicken embryo fibroblasts, was used to validate the gga-
miR-449a/gga-miR-449b-5p target interactions with circEML1/IGF2BP3. The cells were incubated
in a complete medium with DMEM (F12), 10% bovine serum and 1% double antibody, and then
seeded into 12-well plates for incubation and co-transfected circEML1 WT, circEML1 MUT,
IGF2BP3 WT or IGF2BP3 MUT with gga-miR-449a mimic, gga-miR-449b-5p mimic or NC using
Lipofectamin™ 3000 (Invitrogen, Shanghai China) after the cell density reached >90%,
respectively.

The cells per well were washed with a PBS solution and completely lysed with 100ul 1xPLB after
36h post-transfection, and then the supernatant was extracted by centrifugation at 7,500 rpm for 1
min and a 20yl loaded into a well of 96-well plate with adding 100pl luciferase assay reagent
(LARI) and 100pl Stop&Glo reagent in turn according to the guideline of the Dual Luciferase
Reporter Assay System Kit (Promega, Madison, WI, USA). The determination of luciferase
activities was performed using Gen5™ microplate reader and imager software (BioTek, Vermont,
USA).

RNA fluorescence in situ hybridization (FISH) assay

The RNA-FISH assay was performed to detect the subcelluar co-location of circEMLI1 and gga-
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miR-449a in DF-1 cell using the specific probes. The probes of circEML1 (5-
TGGTCTTGCACTGAACAT-3’) and gga-miR-449a (5’-ACCAGCTAACATCTGCCA-3’) was
synthesized by Gene seed Biotech and the treated cells were detected using the laser confocal
microscope (Leica TCS SP2 AOBS, Germany).

Statistical analysis

All the data were presented as means + SEM and subjected to statistical analysis by one-way
ANOVA of IBM SPSS Statistics v22.0. The statistical significance between groups was evaluated
by Tukey HSD analysis, where p<0.05 (*) was considered significant differences and p<0.01 (**)
was considered extremely significant differences. The data analysis was performed using GraphPad

Prism 8 software.
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NcRNA ( Non-coding RNA), ceRNA (Competing endogenous RNA), GCs (Granular cell),
IGF2BP3 (Insulin like growth factor 2 mRNA binding protein 3), EML1 (EMAP like 1), CYP19A1
(Cytochrome P450 family 19 subfamily A member 1), CYP11A1 (Cytochrome P450 family 11
subfamily A member 1), StAR (Steroidogenic acute regulatory protein), 3p-HSD (3 beta- and
steroid delta-isomerase 2), FSHR (Follicle stimulating hormone receptor), LHR (Luteinizing
hormone receptor), E2 (Estrogen), P4 (Progesterone), miRNA (microRNA), IncRNA (long non-
coding RNA), circRNA (circular RNA), E2F1 (E2F transcription factor 1), PRPF8 (Pre-mRNA
processing factor 8), SCAI (Suppressor of cancer cell invasion), MUC1 ( Mucin 1 cell surface
associated), hTERT (human telomerase reverse transcriptase), PGRMCI1 (Progesterone receptor
membrane component 1), MMP2 (Matrix metallopeptidase 2), BMP3 (Bone morphogenetic protein
3), E2F5 (E2F transcription factor 5), INHBA (Inhibin subunit beta A), THBS1 (Thrombospondin
1), FSH (Follicle stimulating hormone), LH (Luteinizing hormone), IGF2 (Insulin like growth factor
2), MYC (MYC proto-oncogene), ACTB (Actin beta), and AML (Acute myeloid leukemia).
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