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ABSTRACT Circular RNAs (circRNAs) are a class
of endogenous non-coding RNAs that have been impli-
cated in mediating granulosa cell (GC) proliferation
and apoptosis. CircRAB11A was found to have a signifi-
cantly higher expression in normal follicles compared to
atrophic follicles. In this study, we determined that the
knockdown of circRAB11A resulted in the inhibition of
proliferation and promotion of apoptosis in GCs of
chicken. Moreover, circRAB11A was found to act as a
sponge for miR-24-5p, both member RAS oncogene fam-
ily (RAB11A) and epidermal growth factor receptor

(EGFR) were revealed to be targets of miR-24-5p
through a dual-luciferase reporter assay. RAB11A or
EGFR promoted proliferation and suppressed apoptosis
in GCs through the phosphatidylinositol-kinase
(PI3K)/AKT or extracellular signal-regulated kinase
(ERK)1/2 pathway. These findings suggest that cir-
cRAB11A may function as a competing endogenous
RNA (ceRNA) by targeting the miR-24-5p/RAB11A
and miR-24-5p/EGFR axes and activating the ERK1/2
and PI3K/AKT pathways, offering a potential avenue
for exploring the mechanism of follicle development.
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INTRODUCTION

As a primary livestock, poultry not only provides deli-
cious meat, but also offers high-quality egg products.
However, it has been observed that local chickens in
China exhibit lower reproductive performance when
compared to foreign breeds. The ovarian follicle serves
as the fundamental functional unit of the chicken ovary
and holds the crucial responsibility of producing mature
oocytes and reproducing offspring (Hao et al., 2020).
Unlike mammals, which exhibit periodic ovulation after
sexual maturity, poultry have evolved a mode of contin-
uous ovulation to ensure daily egg production. The lay-
ing hens have pregrade follicles, including small and
large white follicles (SWF and LWF), small and large
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yellow follicles (SYF and LYF), 5 to 6 growing grade fol-
licles (demarcated by volume sequentially as F5, F4, F3,
F2, and F1) in their ovaries. When the hens lay eggs, the
pre-grade follicles transform into grade follicles, and the
dominant follicles in the grade follicles are selected and
expelled (Li et al., 2022). After the follicles in the ovaries
develop and mature, the egg is discharged (at this time,
the egg is called yolk). The yolk gradually forms protein,
membrane, and eggshell through the infundibulum,
magnum, isthmus, uterus, and vagina, and finally is dis-
charged from the body (Yoshimura and Barua, 2017).
During this process, only one dominant follicle is selected
to progress to ovulation, while the rest of the follicles
undergo atresia after the hen’s laying period. Follicular
GCs are epithelial cells derived from chicken follicles
and can synthesize various types growth factors and hor-
mones regulate the growth, differentiation, and matura-
tion of follicular membrane cells and oocytes, playing an
important supporting role in follicular formation and
development (Li et al., 2022). The GCs are the earliest
developing somatic cells in the ovary and apoptosis of
these cells is among other indicator of follicular atresia.
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To maintain the normal development of poultry follicles,
it is essential to reduce GC apoptosis and enhance GC
proliferation.

Circular RNAs (circRNAs) are a distinctive class of
RNA molecules that differ from the traditional linear
RNA molecules. They are characterized by their closed,
circular structure that is held together by covalent
bonds, lacking the typical 3" and 5" ends found in linear
RNA molecules (Ling et al., 2022). The discovery and
identification of circRNAs dates back to the 1970s
(Kolakofsky, 1976), but recent advancements in next-
generation sequencing and bioinformatics tools have
allowed for a deeper understanding of their functions,
which include serving as a sponge for mircoRNA
(miRNA) (Panda, 2018), regulating transcription
(Zheng, et al., 2020) and encoding protein (Yang, et al.,
2018). CircRNAs play a crucial role in regulating a wide
range of biological functions, including cell proliferation,
apoptosis, and steroid hormone synthesis in GCs. CircR-
NAs can function as miRNA sponges, which is called
competing endogenous RNA (ceRNA) mechanism.
The ceRNA mechanism of circRNAs is a hot topic of
research in various species. In human research,
circRNA-101237 was found to act as a sponge for miR-
490-3p, thereby promoting the expression of MAPK1
(Zhang et al., 2020a). circRNA-010383 has been demon-
strated to act as a ceRNA, reducing the expression of
miR-1335a and contributing to renal fibrosis in diabetic
nephropathy (Peng et al., 2021). Another study by Li et
al. revealed that circc:ANKHDI1, which targets the miR-
27a-3p/SFRP1 axis, serves as a sponge for miRNAs and
modulates the apoptosis of GCs (Li et al., 2021b). Addi-
tionally, circINHA and circSLC41A1 were found to sep-
arately inhibit porcine GC apoptosis through the miR-
10a-5p/CTGF axis and the miR-9820-5p/SRSF1 axis,
respectively (Guo et al., 2019; Wang et al., 2022a).

In our previous sequencing analysis, it was found that
circRAB11A was differentially expressed between nor-
mal follicles and atrophic follicles in chickens and had
significantly higher mRNA abundance in normal devel-
opmental grade follicles (He et al., 2022). Therefore, the
current study aimed to investigate the specific function
and underlying molecular mechanisms of circRAB11A
in regulating follicle development in chickens.

MATERIALS AND METHODS
Sample Collection and Cell Culture

In this experiment, we selected 27 breeding hens of
Tianfu broilers that were reared under the same condi-
tions, had the same weight and laying time, and were at
the peak of egg production. Among them, 3 normal lay-
ing hens were used to collect 11 tissue samples, pre-grade
follicles and grade follicles. The remaining 24 individuals
were used to isolate and culture grade GCs. After col-
lecting 11 tissue samples, including breast muscle, liver,
ovary, uterus etc., these tissues were quickly placed in
liquid nitrogen. We selected graded follicles to collect
granulosa cells for isolation and culture. The graded

follicles were categorized as F1, F2, F3, F4, and F5 in
descending order of volume (He et al., 2022). DF-1 cells
(Fuheng Cell Center, Shanghai, China) were used to ver-
ify the targeting relationship between circRNA, miRNA
and mRNA, which are chicken fibroblast cell line and
cultured in 89% F12 medium (Gibco, Grand Island,
NY), 10% fetal bovine serum (Gibco), 1% penicillin/
streptomycin (Invitrogen, Carlsbad, CA). For the cell
culture, all the cells were incubated with 95% CQOs, and
in a humid environment at 37°C. GCs were seeded into
6-well, 12-well, 24-well or 96-well plates and cultured in
89% M199 medium (Gibco), 10% fetal bovine serum
(Gibco) 1% penicillin/streptomycin (Invitrogen). The
animal experiment was conducted under the approval of
the Animal Care Committee of Sichuan Agricultural
University (Approval No. 2020202028).

Cell Transfection

The sequence of negative controls (NC), circRAB11A
siRNA, miR-24-5p mimic, miR-24-5p inhibitor,
RAB11A siRNA and EGFR siRNA are shown in n
Table S1, and all of these sequences were provided by
GenePharma (GenePharma, Shanghai, China). The
plasmid sequence of circRAB11A, RAB11A was pro-
vided by Tsingke Biotechnology Co., Ltd. Cells were
transfected with Lipofectamine 3,000 (Invitrogen)
according to the manufacture’s protocol. The culture
medium was changed 8 h after transfection.

RNA Extraction, Reverse Transcription and
Quantitative Real-Time PCR (qPCR)
Validation

RNAiso Plus (Takara, Dalian, China) was used to iso-
late total RNA from tissues or cells according to the
manufacturer’s instructions. The quantity and quality
of RNA was measured using a NanoDrop D2000 spectro-
photometer (NanoDrop, DE). RNA that did not pass
the quality check was not included in this study. Equal
amounts of RNA for each sample were used to synthesize
miRNA or ¢cDNA using One-Step miRNA ¢cDNA Syn-
thesis Kit (HaiGene, Haerbin, China) or TransScript
One-Step gDNA Removal and cDNA Synthesis Super-
Mix (TransGen, Beijing, China). The qPCR assay was
performed using TB Green PCR Master Mix (Takara)
according to the manufacturer’s instructions. Primer 6
was used to design primer in this study. All of primers
were synthesized by Tsingke Biotechnology Co., Ltd
(Supplementary Table S2). B-actin and U6 as endoge-
nous control were used to normalize gene expression.
Relative changes in gene expression were calculated
using the 2722 ethod.

Validation of circRAB11A

Sanger sequencing, RNase R (Epicentre Technologies,
Madison, WI) and Oligo d (T) were used to identify
whether circRAB11A  was looped. For Sanger
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sequencing assay, divergent primer PCR results were gel
purified and submitted to Sanger sequencing at Sangon
Biotech Co. Ltd. to verify the junction sequence of cir-
cRABI11A. For the RNase R assay, 2 mixed RNA sam-
ples with a combined volume of 20 ul. were prepared,
one with RNase R and the other without RNase R.
Then, the samples treat at 37°C for 10 min and inacti-
vate at 90°C for 10 min, the combined RNA samples
were reverse transcribed into cDNA for qPCR to prove
the presence of circRNA. As for Oligo d (T) assay,
because oligo d (T) primers cannot effectively reverse
transcribe circRNAs without poly (A) tail, we choose
Oligo d (T) primer and random primer to identify circR-
NAs.

Cell Proliferation Assay

For the cell counting kit-8 (CCK-8) assay, GCs were
seeded into 96-well plates. After treatment, 4 time
points were set at 12 h intervals, and cell proliferation
was checked at each time point using CCK-8 reagent
(Multi Sciences, Hangzhou, China) according to the
manufacturer’s instructions. Absorbance at 450 nm was
measured using an enzyme marker (Thermofisher, Vari-
oskan LUX).

For the 5-ethynyl-2'-deoxyuridine (EAU) assay, after
transfection for 12 h, GCs were first incubated with EQU
reagent A (Ribobio, Guangzhou, China) for 3 h. Then,
after fixation with 4% formaldehyde solution for 30 min,
the cell permeability was changed with 0.5% Triton X-
100. The cell proliferation region and the nucleus were
then stained separately. The number of EdU-stained
cells was counted by Image-Pro Plus software.

Western Blot Analysis

A total protein extraction kit (BestBio, Shanghai,
China) was used to extract total protein from GCs. Pro-
tein concentrations were homogenized using the BCA
protein assay kit (BestBio). Protein samples were then
separated by SDS-PAGE after degeneration. After
semi-dry transfer, the target protein was retained on the
PVDF membrane. After the PVDF membrane was
sealed with sealing liquid for 1 h, the corresponding pri-
mary antibody was selected to incubate it overnight at
4°C according to the needs of this study. These PVDF
membranes were then incubated with the appropriate
secondary antibodies for 1 h at 4°C. ECL is used to
detect protein signals. The antibodies used in this study
are showed in Supplementary Table S3. Results were
quantified using ImageJ software.

Analysis of Cell Apoptosis

The cell apoptosis rate of GCs was measured using a
terminal deoxynucleotidyl transferase (TdT) d UTP
nick-end labeling (TUNEL) assay kit (Beyotime,
Shanghai, China). After transfection for 48 h, cells were
fixed with 4% paraformaldehyde for 30 min at room

temperature. After washing, 500 uL of 0.3% Triton X-
100 was added to each well. Cells were then added with
50 uL of TUNEL detection liquid and incubated in the
dark at 37°C for 60 min. Finally, the cells were stained
with Hoechst33258. The number of TUNEL-stained
cells was counted by Image-Pro Plus software.

Dual-Luciferase Reporter Assay

According to RNAhybrid (Kriiger and Rehmsmeier,
2006) and sequencing data, we predicted the potential
miRNAs of circRAB11A (Supplementary Figures S2A
and 52B). DIANA, TargetScan and miRDB software
(Matouskova et al., 2018; Li et al., 2021a) was used to
predicted the potential target genes of miR-24-5p, the
qPCR was used to identified the potential target genes
(Supplementary Figures S2C and S2D). Then, we con-
structed wild type (WT) and mutant type (MT) by
pmirGLO vector, such as pmirGLO-circRAB11A-WT,
pmirGLO-circRAB11A-MT, pmirGLO-EGFR-WT-1,
pmirGLO-EGFR-MT-1, pmirGLO-EGFR-WT-2 and
pmirGLO-EGFR-MT-2. These vectors were synthesized
by Sangon Biotech (Shanghai, China). The WT and MT
plasmids were co-transfected into DF-1 cells with miR-
24-5p mimic or mimic NC. Briefly, after 48 h of transfec-
tion, DF-1 cells were lysed and the relative luciferase
activities were detected using the Dual-Luciferase
Reporter Assay Kit (Beyotime) according to the manu-
facturer’s instructions.

Statistical Analysis

We used independent samples t-test to measure the
data from 2 groups, and one-way ANOVA for multiple
comparisons. All data in this study were presented as
mean =+ standard error (SEM). The SPSS 22 (SPSS,
Inc., Chicago, IL) was used to analyze the data and
GraphPad Prism 8 (GraphPad Software, San Diego,
CA) was used to present the figures. Each experiment
was performed in triplicate. * P < 0.05, ™ P < 0.01, and
¢ P < 0.05 were set as statistical significance.

RESULTS
Identification and Validation of circRAB11A

Through a comprehensive circRNA sequencing and
bioinformatic analysis (Supplementary Figure S1), we
uncovered that circRAB11A is a 471 bp circular RNA
generated through the reverse splicing of the RAB11A
gene between exons 2 and 4, and is an RNA macro-
molecule. To validate this finding, we used the Sanger
sequencing technology to confirm that circRAB11A is
indeed formed through the reverse splicing of exons 2
and 4 of the RAB11A gene (Figure 1A). To assess the
stability of circRAB11A, we performed qPCR amplifi-
cation with and without RNase R digestion. The
results indicated that the linear gene GAPDH was sig-
nificantly reduced (P < 0.01, Figure 1B), but
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Figure 1. Identification and validation of circRAB11A. (A) Schematic diagram of circRAB11A. (B) The expression of circRABI11A and
GAPDH in GC after treatment with or without RNase R. n = 9. (C) The expression of circRAB11A and GAPDH in the cDNA of GC generated after
treatment with random primer or Oligo d (T). n = 9. (D) The expression of circRAB11A in different chicken tissues. n=9. (E) The expression of cir-
cRABI11A in pregrade follicle and grade follicle. n = 9. Values represent mean + SEM.” P < 0.05, ™ P < 0.01, and ** P < 0.05.

circRAB11A was not significantly altered compared to
the control group. Additionally, our reverse transcrip-
tion reaction revealed that random primers promoted
circRAB11A c¢DNA synthesis more efficiently than
Oligo d(T) (P < 0.01, Figure 1C). After confirming
the circular structure of circRAB11A, we conducted a

qPCR study to assess its expression levels in various
tissues and different grades of follicles. The results
indicated that circRAB11A was highly expressed in
the uterus (* * P < 0.05, Figure 1D), and its expres-
sion was found to be relatively stable in the graded fol-
licles (**° P < 0.05, Figure 1E).
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CircRAB11A Promotes Proliferation and
Inhibits Apoptosis of GCs

To examine the potential impact of circRAB11A on
the proliferation and apoptosis of GCs, we introduced
siRNA and overexpression vectors into the GCs (Supple-
mentary Figures S3A and S3B). The qPCR assay
revealed that the mRNA levels of CCND1, CCNDI1,
CDK2, and PCNA, which was proliferation-related
genes decreased following transfection with si-cir-
cRAB11A (P < 0.01, Figure 2A), while the opposite
expression of CCND1, CCND1, CDK2, and PCNA was
observed with circRAB11A overexpression (P < 0.05,
Figure 2B). The CCK-8 assay showed that the prolifera-
tion ability of cells transfected with si-circRAB11A was
consistently lower than the control group and significant
decrease at 24, 36, and 48h time points (P < 0.05,
Figure 2C). Conversely, after circRAB11A overexpres-
sion, the cell proliferation ability significantly increased
compared to the control group at 24, 36, and 48h and
continued to rise with time (P < 0.01, Figure 2D). Our

EdU assay results indicated that DNA replication activ-
ity decreased upon circRAB11A knockdown, but
increased after transfection with the circRAB11A vector
(P < 0.05, Figures 2E and 2F). We also investigated cir-
cRAB11A’s effect on GC apoptosis. Results from our
qPCR assay indicated that mRNA expression of Cas-
pase3 and Caspase9 decreased with circRAB11A overex-
pression, but increased in cells transfected with
circRABI1A siRNA (P < 0.05, Figures 2G and 2H). The
mRNA expression of BCL2 (P < 0.05, Figures 2G and
2H) was opposite to that of the Caspase3 and Caspase9,
which corresponds to their respective functions. The
TUNEL experiment showed that circRAB11A knock-
down or overexpression significantly increased or
decreased the number of TUNEL-positive cells compared
to the control cells (P < 0.01, Figure 2I and 2J). The
western blot assay showed that circRAB11A knockdown
increased Caspase9 protein levels, while circRAB11A
overexpression reduced them (P < 0.05, Figure 2K).
Together, these results suggest that circRAB11A pro-
motes GC proliferation and inhibits GC apoptosis.
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Figure 2. CircRAB11A promoted proliferation and inhibited apoptosis of GCs. (A, B) After transfection with circRAB11A interference or over-
expression vector, the mRNA levels of CCND1, CCND2, CDK2, and PCNA were assessed by gPCR. n = 9. (C, D) After transfection with cir-
cRABI11A interference or overexpression vector, the growth curve of GCs was evaluated by CCK-8 reagent. n = 8. (E, F) The proliferation status of
GCs determined by EAU assay after transfection of circRAB11A. n=3. (G, H) After transfection with circRAB11A interference or overexpression
vector, the mRNA levels of BCL2, Caspase3, Caspase8 and Caspase9 were assessed by qPCR. n = 9. (I, J) The apoptosis state of GCs determined
by TUNEL assay after transfection of circRAB11A. n = 3. (K) After transfection with circRAB11A interference or overexpression vector, the pro-
tein level of B-tubulin, Caspase9 was assessed by western blot. n = 3. Values represent mean = SEM. * P < 0.05 and ~~ P < 0.01.
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CircRAB11A is a Possible Sponge for miR-
24-5p

To understand circRAB11A’s ability to bind miR-
NAs, we used RNAhybrid software to identify miRNAs
targeted by circRAB11A. After modifying the level of
circRAB11A expression through knockdown or overex-
pression, we analyzed the expression of these miRNAs in
GCs. Sequencing data showed that circRAB11A was
highly expressed in normal follicles, while miR-24-5p
was highly expressed in atresia follicles (Supplementary
Figure S2). Our research results indicated that knock-
down or overexpression of circRAB11A corresponds to
upregulation or downregulation of miR-24-5p mRNA
expression (P < 0.05, Figure 3A). The molecular struc-
ture revealed a stable binding site between circRAB11A
and miR-24-5p (Figure 3B). To further test this interac-
tion, we conducted a luciferase activity experiment using
a luciferase expression vector containing circRAB11A
that directly binds and regulates miR-24-5p
(Figure 3D). The luciferase reporter vector containing
the circRAB11A wild-type sequence showed a signifi-
cant reduction in activity when treated with the miR-
24-5p mimic, compared to the control groups. However,
the inhibitory effects were completely abolished in DF-1
cells when the putative miR-24-5p binding sites were
mutated (P < 0.01, Figure 3C). Finally, the ability of
miR-24-5p to interfere with or enhance expression was
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determined through qPCR (Supplementary Figures S3C
and S3D).

miR-24-5p resists GC Proliferation and
Promotes Apoptosis

To understand the impact of miR-24-5p on GC prolif-
eration and apoptosis, we manipulated its expression in
GCs using miR-24-5p inhibitors or mimics. The results
of qPCR showed that the mRNA levels of CCNDI1,
CDK2, and PCNA were increased by the miR-24-5p
inhibitor, while they decreased with the miR-24-5p
mimic (P < 0.05, Figures 4A and 4B). Neither miR-24-
5p inhibitor treatment nor miR-~24-5p mimic showed sig-
nificant expression of CCND2 (P > 0.05, Figures 4A and
4B). This was further confirmed by the CCK-8 and EdU
assays, which showed that the miR-24-5p inhibitor pro-
moted GC proliferation and the miR-24-5p mimic inhib-
ited it (P < 0.05, Figures 4C and 4D; P < 0.05, Figures
4E and 4F). However, after miR~24-5p mimic treatment
of GCs, the result of CCK-8 was not significant at 36h
and 48h, which is a confusing experimental result and
requires further experimental exploration. To evaluate
the effects of miR-24-5p on GC apoptosis, we first found
that the mRNA levels of apoptosis-related genes Cas-
pase3, Caspase8 were decreased with the miR-24-5p
inhibitor and increased with miR-24-5p overexpression
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(P < 0.05, Figures 4G and 4H). Conversely, the mRNA
expression of BCL2 was upregulated after miR-24-5p
inhibitor treatment, while was downregulated with
miR-24-5p mimic. The TUNEL assay revealed that
miR~24-5p mimic increased the number of necrotic cells,
while the miR~24-5p inhibitor reduced it (P < 0.05, Fig-
ures 41 and 4J). Western blot analysis showed that miR-
24-5p knockdown decreased the protein level of Cas-
pase9, while miR-24-5p overexpression increased it (P <
0.05, Figure 4K). These findings demonstrate that miR-
24-5p can inhibit proliferation and promote apoptosis in

GCs.

RAB11A and EGFR are Direct Target Genes
of miR-24-5p in GCs

We employed DIANA, TargetScan and miRDB to
identify potential targets of miR-24-5p and found that
RAB11A and EGFR may be regulated by it. Our
qPCR results showed that the mRNA levels of
RAB11A and EGFR were increased or decreased

following treatment with miR-24-5p inhibitor or mimic,
respectively (P < 0.05, Figure 5A). Further analysis
showed that RAB11A might be a strong target of miR-
24-5p as its seed region matches the 3'UTR of
RABI11A. To confirm this, we introduced wild-type and
mutated RAB11A 3'UTR sequences into a vector and
co-transfected it with miR-24-5p mimic or NC. The
results showed that the luciferase activity of RAB11A
3'UTR wild-type was significantly decreased following
treatment with miR-24-5p mimic, while there was no
change with the mutated vector (P < 0.05, Figure 5B).
Additionally, the miR-24-5p seed region matches 2
regions of the 3'UTR of EGFR. To verify this, we con-
structed dual luciferase reporter vectors with the full
length of EGFR 3'UTR wild-type or a mutated version
without miR-24-5p binding sites (Figure 5C). The
results showed a significant reduction in luciferase
reporter activity in cells co-transfected with miR-24-5p
mimic and the wild-type vector, but not with the
mutated vector (P < 0.05, Figure 5D). These findings
provide evidence that RAB11A and EGFR are directly
regulated by miR-24-5p.
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RAB11A Advances GC Proliferation and
Suppresses Apoptosis

To understand the impact of RAB11A on GCs, we
generated RAB11A overexpression and knockdown con-
structs (Supplementary Figures S3E and S3F). After
transfecting with the pcDNA3.1-RAB11A vector or si-
RABI11A, we evaluated the changes in GC proliferation
and apoptosis. The qPCR and CCK-8 assay indicated
that RAB11A promotes GC proliferation (P < 0.05, Fig-
ures 6A—6D). The EdU assay gave similar results with
the RAB11A transfected cells (P < 0.01, Figures 6E and
6F). In contrast, qPCR analysis revealed that RAB11A
reduces GC apoptosis (P < 0.05, Figures 6G and GH).
Similarly, the TUNEL and western blot assays also con-
firmed that RAB11A knockdown increases the rate of
apoptosis, while RAB11A overexpression suppresses it
(P < 0.05, Figures 61, 6J and 6K). RAB11A has been
reported as an activator of the PI3K/AKT signaling
pathway (Zhang et al.,, 2020b). To determine if
RABI11A activates this pathway in chicken GCs, we
examined its effect on the expression of phosphorylated
AKT. Our results from western blot analysis showed
that overexpression of RABI11A led to an increase in
phosphorylated AKT expression, suggesting that
RABI11A activates the PI3K/AKT signaling pathway
(Fig. 6K).

CircRAB11A Regulates GC Proliferation and
Apoptosis via miR-24-5p/RAB11A Axis

To determine if circRAB11A influences chicken GC
proliferation and apoptosis through the miR-24-5p/
RAB11A pathway, we performed qPCR and EdU
assays. Our results showed that circRAB11A overex-
pression significantly increased GC proliferation, which
was reversed by the addition of miR-24-5p mimic (P <
0.05, Figures 7A and 7E). Cotransfection with miR-24-
5p mimic and RAB11A vector reduced GC proliferation,
and this effect was partially reversed by the addition of
pcDNA3.1-RAB11A (P < 0.05, Figure 7B). We also
evaluated the effect of circRAB11A on GC apoptosis
using qPCR and western blot assays. The results showed
that circRAB11A reduced GC apoptosis, while co-trans-
fection with circRAB11A vector and miR-24-5p mimic
increased the expression of Caspase9 (P < 0.05,
Figure 7C). The mRNA level of Caspase9 was highly
increased after co-transfection with miR-24-5p mimic
and pcDNA3.1 compared to co-transfection with miR-
24-5p mimic and RAB11A vector (P < 0.01, Figure 7D).
Furthermore, our data showed that circRAB11A
increased the expression of RAB11A at both the mRNA
and protein levels after co-transfection with mimic NC
(P < 0.05, Figures 7F and 7G). These results demon-
strate that circRAB11A regulates chicken GC
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Figure 6. RAB11A advances proliferation and resists apoptosis of GCs. (A, B) After transfection with RAB11A interference or overexpression
vector, the mRNA levels of CCND1, CCND2, CDK2 and PCNA were assessed by ¢PCR. n = 9. (C, D) After transfection with RAB11A interference
or overexpression vector, the growth curve of GCs was evaluated by CCK-8 reagent. n = 8. (E, F) The proliferation status of GCs determined by
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RABI11A, AKT and p-AKT were measured by western bolt. n = 3. Values represent mean & SEM. * P < 0.05 and ** P < 0.01.

proliferation and apoptosis through the miR-24-5p/
RAB11A pathway.

EGFR Regulates GC Proliferation and
Apoptosis by Activating ERK1/2 and PI3KI
AKT Signaling Pathways

To uncover the role of EGFR in GCs, we utilized
siRNA to knock down EGFR expression (Supplemen-
tary Figure S3G). After transfection with si-EGFR, we
measured the expression of genes related to proliferation
and apoptosis. Interestingly, we observed a decrease in
the mRNA levels of proliferation-related genes and an
increase in the mRNA levels of apoptosis-related genes
(P < 0.05, Figures 8A and 8B). Our CCK-8 and EdU
assays showed a decrease of GC proliferation after trans-
fection si-EGFR (P < 0.05, Figures 8C and 8D), while
the TUNEL assay revealed that GC apoptosis was pro-
moted with si-EGFR (P < 0.05, Figure 8E). The protein
level of Caspase9 increased after EGFR knockdown (P
< 0.01, Figure 8F). We also investigated the down-
stream signaling pathways of EGFR, including ERK1/2
and PISK/AKT. Western blot analysis revealed that

when EGFR was knocked down in GCs, there was also a
decrease in the expression of EGFR, p-ERK1/2 and p-
AKT, while the expression of ERK1/2, AKT remained
unchanged (P < 0.05, Figure 8F). These results support
the conclusion that EGFR specifically activates the
ERK1/2 and PI3K/AKT signaling pathways to regulate
GC proliferation and apoptosis.

CircRAB11A Regulates Proliferation and
Apoptosis of GCs Through miR-24-5p/|EGFR
Axis

To examine the impact of circRAB11A on the regula-
tion of the miR-24-5p/EGFR axis and ovarian function.
The TUNEL assay showed that the miR-24-5p mimic
increased DNA death, but the effect was countered by
the overexpression of circRAB11A in GC apoptosis (P <
0.05, Figure 9A). The qPCR results showed that miR-
24-5p suppressed the expression of EGFR after co-trans-
fection with ov-NC, while ov-circRAB11A increased
EGFR expression after co-transfection with miR-24-5p
mimic (P < 0.01, Figure 9B). In GCs, we observed that
the miR-~24-5p mimic decreased the phosphorylation of
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Figure 7. CircRAB11A regulates GC proliferation and apoptosis through the miR-24-5p/RAB11A axis. (A, B) The mRNA levels of CCND1,
CCND2, CDK2 and PCNA were measured by gPCR after co-overexpression. n = 9. (C, D) The mRNA levels of BCL2, Caspase3, Caspase8 and Cas-
pase9 were measured by gPCR after co-overexpression. n = 9. (E) The proliferation status of GCs was determined by EAU assay after co-overexpres-
sion. n = 3. (F) The mRNA level of RAB11A was measured by qPCR after co-overexpression. n = 9. (G) The protein levels of -tubulin, Caspase9
and RAB11A were measured by western bolt after co-overexpression. n = 3. Values represent mean £ SEM. * P < 0.05 and " P<0.01.

ERK1/2, and AKT, while not affecting the protein lev-
els of ERK1/2 and AKT. However, after co-transfection
with ov-circRAB11A and miR-24-5p mimic, the protein
levels of EGFR, p-ERK1/2 and p-AKT increased (P <
0.05, Figure 9C). These results demonstrate that cir-
cRABI11A promotes GC proliferation and reduces GC
apoptosis through the ERK1/2 and PI3K/AKT path-
ways by modulating EGFR expression.

DISCUSSION

The growth and development of ovarian follicles is
closely linked to the growth status of GCs, which are the

earliest-developing somatic cells in the follicles (Have-
lock, et al., 2004). The proliferation and apoptosis of
GCs are regulated by many micro factors, such as genes,
non-coding RNAs (including mirRNAs, long non-coding
RNAs, circRNAs), signaling pathways and so on. It is
becoming increasingly evident that numerous circRNAs
have been identified as participating in the regulation of
the physiological process of GCs proliferation and apo-
ptosis.(Guo, et al., 2019; Xu, et al., 2021; Li, et al.,
2023). Despite these findings, the function of circRNAs
in chicken GCs is not well understood. Based on the pre-
vious circRNA sequencing data available in the group, it
can be seen that the expression of circRAB11A was
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significantly higher in normal follicles than in atretic fol-
licles. In this study, we identified circRAB11A as being
generated from RAB11A and specifically enriched in
uterus and ovary tissue of chicken, suggesting that cir-
cRAB11A may play roles in follicle development.
Through a series of molecular biological technologies, we
have ascertained that the circRAB11A overexpression
increased the proliferation of chicken GCs, while inhibit-
ing their apoptosis.

CircRNAs have been shown to play a crucial role in
controlling gene expression through their ability to act
as a sponge for miRNAs (Fu et al., 2018; Jia et al.,
2018; Huang et al., 2020; Wu et al., 2022). In our
study, several lines of evidence indicated that cir-
cRAB11A acts as a sponge for miR-24-5p to regulate
RAB11A and EGFR expression. In addition, an
increasing number of miRNAs are now known to be
essential for follicle development. Our previous results
showed that miR-23b-3p can inhibit chicken GC pro-
liferation and steroid hormone synthesis by targeting
GDF9 (Wei et al., 2022a). Gga-miR-~146b-3p promotes
apoptosis and attenuates autophagy by targeting
AKT1 in chicken GCs (Wei et al., 2022b). Further-
more, miR-30a-5p inhibits GC death by targeting

Beclinl (He, et al., 2022). Here, our results further
confirmed that miR-24-5p could inhibit GC prolifera-
tion and promote GC apoptosis by directly targeting
RABI11A or EGFR in chicken GCs.

The role of miRNA in controlling gene expression and
activating signaling pathways has been widely recog-
nized (Li et al., 2023). RAB11A is a GTPase that regu-
lates intracellular trafficking and is important in
endometrial function (Kakar-Bhanot et al., 2019). A
pervious study found that RAB11A could regulate ovar-
ian cancer cells (Wang et al., 2022b; Wang et al., 2022¢).
On the other hand, EGFR (also known as ErbB1 or
HERI1), a single transmembrane protein and receptor
tyrosine kinase (RTK), has been shown to regulate vari-
ous functions of the ovary such as follicle development,
oocyte maturation, GC proliferation, differentiation,
and steroid production through its interaction with
EGF (Zheng, et al., 2017; Zhang, et al., 2022). Addition-
ally, EGFR often regulates the function of GCs through
the ERK1/2 and PI3K/AKT pathways in chickens
(Wang, et al., 2007; Lin et al., 2011; Wu, et al., 2019). In
this study, we observed a reduction in protein expression
of p-ERK1/2 after knockdown of EGFR, and a decrease
in p-AKT expression after knockdown of both RAB11A
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and EGFR, suggesting that both RAB11A and EGFR
can regulate GC proliferation and apoptosis through the
PIBK/AKT pathway.

Furthermore, in this study the ERK1/2 and PI3K/
AKT pathway was verified to be involved in GC prolif-
eration and apoptosis by the circRAB11A /miR-24-5p/
RABI11A axis and circRAB11A /miR-24-5p /EGFR axis.
The ERK1/2 and PI3K/AKT cascade control the intra-
cellular processes that are often involved in the regula-
tion of circRNAs. For instance, circ-0008594 affects non-
small-cell lung cancer (NSCLC) growth and lymph
node metastasis and accelerates NSCLC progression by
controlling the miR-760-mediated PI3K/AKT and
MEK/ERK1/2 pathways (Wang et al., 2021). Mechani-
cally, circCDYL2 preserved the activity of the down-
streem AKT and FERKI1/2 by stopping the
ubiquitination degradation of GRB7 and improving its
interaction with FAK (Ling et al., 2022).

One further implication of this experiment is that
RABI11A and EGFR may have a synergistic effect on
GC proliferation and apoptosis. Palmieri et al. provide
the first evidence that transient transfection of DN-
Rablla alters the output of signaling pathways and
differentially modulates cellular proliferative and
motility phenotypes in response to EGFR ligands in
vitro. In terms of signaling, they reported that trans-
fection of DN-RAB11A augmented ERK1/2 activa-
tion in response to EGF (Palmieri, et al., 2006).
Additionally, Watanuki et al. demonstrated that afa-
tinib-induced redistribution of EGFR to the cell sur-
face, facilitated by Rablla-dependent recycling,
increased cetuximab binding to the receptor, thus
enhancing its effect (Watanuki, et al., 2014). We con-
jecture that RABI11A may increase the effect of
EGFR expression, yet additional experimental data is
needed to prove it.



CircRAB11A PROMOTES GROWTH OF GRANULOSA CELLS 13

Extracellular

miR-24-5p

a4

circRAB11A | |

-/

>
- v

[ s

7~

circRAB11A

AN

—_—2—773—4 ——

RABI1A

Known

—) Found

/\/TUI{

VERK1/2" -

Cytoplasm

EGFR mRNA »
7@ RABIIA mRNA
=4
RABI11A

Gene Transcription

GCs proliferation GCs apoptosis

7 \

Figure 10. Diagrammatic model of the role of circRAB11A in chicken GC development. circRAB11A promotes proliferation but suppresses
apoptosis of chicken GCs by downregulating the expression of EGFR or RAB11A through PI3K/AKT and ERK1/2 signaling pathway.

CONCLUSIONS

In this study, circRAB11A is a newly discovered tran-
scriptional variant of RAB11A that is expressed in
chicken GCs. Its key function is to act as a miR-24-5p
sponge, which promotes GC proliferation and represses
GC apoptosis by regulating the ERK1/2 and PI3K/
AKT pathways. (Fig 10).
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