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Abstract 

Background Abdominal fat deposition depends on both the proliferation of preadipocytes and their maturation 
into adipocytes, which is a well-orchestrated multistep process involving many regulatory molecules. Circular RNAs 
(circRNAs) have emergingly been implicated in mammalian adipogenesis. However, circRNA-mediated regulation 
in chicken adipogenesis remains unclear. Our previous circRNA sequencing data identified a differentially expressed 
novel circRNA, 8:27,886,180|27,889,657, during the adipogenic differentiation of chicken abdominal preadipocytes. 
This study aimed to investigate the regulatory role of circDOCK7 in the proliferation and adipogenic differentiation of 
chicken abdominal preadipocytes, and explore its molecular mechanisms of competing endogenous RNA underlying 
chicken adipogenesis.

Results Our results showed that 8:27,886,180|27,889,657 is an exonic circRNA derived from the head-to-tail splic-
ing of exons 19–22 of the dedicator of cytokinesis 7 (DOCK7) gene, abbreviated as circDOCK7. CircDOCK7 is mainly 
distributed in the cytoplasm of chicken abdominal preadipocytes and is stable because of its RNase R resistance and 
longer half-life. CircDOCK7 is significantly upregulated in the abdominal fat tissues of fat chickens compared to lean 
chickens, and its expression gradually increases during the proliferation and adipogenic differentiation of chicken 
abdominal preadipocytes. Functionally, the gain- and loss-of-function experiments showed that circDOCK7 promoted 
proliferation, G0/G1- to S-phase progression, and glucose uptake capacity of chicken abdominal preadipocytes, in 
parallel with adipogenic differentiation characterized by remarkably increased intracellular lipid droplet accumulation 
and triglyceride and acetyl coenzyme A content in differentiated chicken abdominal preadipocytes. Mechanistically, 
a pull-down assay and a dual-luciferase reporter assay confirmed that circDOCK7 interacted with gga-miR-301b-3p, 
which was identified as an inhibitor of chicken abdominal adipogenesis. Moreover, the ACSL1 gene was demonstrated 
to be a direct target of gga-miR-301b-3p. Chicken ACSL1 protein is localized in the endoplasmic reticulum and mito-
chondria of chicken abdominal preadipocytes and acts as an adipogenesis accelerator. Rescue experiments showed 
that circDOCK7 could counteract the inhibitory effects of gga-miR-301b-3p on ACSL1 mRNA abundance as well as the 
proliferation and adipogenic differentiation of chicken abdominal preadipocytes.
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Conclusions CircDOCK7 serves as a miRNA sponge that directly sequesters gga-miR-301b-3p away from the ACSL1 
gene, thus augmenting adipogenesis in chickens. These findings may elucidate a new regulatory mechanism underly-
ing abdominal fat deposition in chickens.

Keywords Abdominal fat deposition, Adipogenesis, Chickens, CircDOCK7, Competing endogenous RNA, MiRNA 
sponge

Background
Chickens are the most economically desirable agricul-
tural poultry worldwide because of their meat and egg 
production. Intensive genetic selection for body weight 
and growth rate in broilers and laying chickens has tre-
mendously improved their growth performance and 
reduced market age but is accompanied by excessive 
body fat disposition, especially abdominal fat. Excessive 
abdominal fat deposition is one of the main problems 
in the poultry industry, as it not only reduces feed effi-
ciency, carcass yield, reproductive performance, and con-
sumer preference but also increases the difficulty in meat 
processing as well as nitrogen and phosphate content 
in the excrement, thus resulting in considerable obsta-
cles to profitable farming and environmental pollution 
[1–3]. Abdominal fat weight and percentage are direct 
indexes of abdominal fat deposition in chickens but are 
not suitable for indirect in  vivo measurement. Chicken 
abdominal fat weight and percentage have high herit-
ability and strong positive genetic correlation, indicat-
ing that the genetic approach is the most effective way 
to reduce excessive abdominal fat deposition in chickens 
[3, 4]. Therefore, it is of great significance to determine 
the crucial mediators of abdominal fat deposition, and 
thus contribute to the genetic improvement of exces-
sive abdominal fat in chickens and breeding of lean-line 
broilers.

Abdominal fat deposition depends on the prolifera-
tion (number) of preadipocytes and their maturation 
(size) into adipocytes, which is a precisely orchestrated 
process regulated by many regulatory molecules, includ-
ing protein-coding genes, transcription factors, epi-
genetic modifiers, and non-coding RNAs (ncRNAs). 
Several classes of ncRNAs, such as long non-coding 
RNAs (lncRNAs), circular RNAs (circRNAs), microR-
NAs (miRNAs), are transcribed from approximately 98% 
of the genomic loci in eukaryotic cells. As a widespread 
RNA species in eukaryotic cells, circRNAs present cova-
lently closed continuous loop structures from the cova-
lently joined 3′- and 5′-ends of a single-stranded RNA 
molecule (termed as backsplicing) during RNA splicing, 
without 5′–3′ polarity and a polyadenylated poly(A) tail 
[5]. Owing to the lack of accessible ends, circRNAs are 
more stable than linear RNAs and can survive exonu-
clease RNase R, which possesses strong 3′-exonuclease 

activity for linear or Y-shaped RNA degradation [6]. 
CircRNAs arise from exons (exonic circRNAs), introns 
(intronic circRNAs), or a combination of both (exon–
intron circRNAs), and the subcellular localization of the 
three types of circRNAs often shows different compart-
ment preferences [7]. Moreover, circRNAs are usually 
expressed in a developmental stage-, tissue-, and cell-
specific manner [8–10]. Such diverse subcellular locali-
zations and expression patterns suggest the complexity 
of the functions and regulatory mechanisms of circR-
NAs. General mechanisms of circRNA functions include 
competing endogenous RNAs (ceRNAs) that sponge 
miRNAs, interacting with RNA-binding protein, protein 
scaffolding, enhancer of protein function for gene tran-
scription activation, competition with precursor mRNA 
splicing, and templates for translation to produce unique 
circRNA peptides [7, 11]. Although circRNAs were pre-
viously considered as the transcriptional "noise" gener-
ated by aberrant splicing events, with the development 
of high-throughput sequencing and continuous explo-
ration of their diverse functions, circRNAs have been 
shown to play vital roles in growth and development, 
metabolic processes, diseases, and cancer. CircRNAs 
have been extensively proposed to serve as highly effec-
tive biomarkers in obesity and disease diagnosis, treat-
ment, and prognosis, and thus have become the latest 
research hotspot in the RNA field [12].

Increasing evidence has revealed a few circRNAs that 
are functionally and mechanistically characterized in 
mammalian adipogenesis, such as circTshz2-1 and cir-
cArhgap5-2 [13], circSAMD4A [14], circFOXP1 [15], 
CDR1as [16], circH19 [17], circFLT1 [18], sus_circ-
PAPPA2 [19], and circPPARA [20]. Intriguingly, recent 
studies have shown that mammalian adipocyte-expressed 
circRNAs also affect various other organs, including the 
liver and skin, via exosome, a crucial carrier mediat-
ing signal conduction between adipocytes and target 
organs, resulting in the transcriptomic evaluation of tar-
get organs such as circ-DB [21], circ_0075932 [22], and 
mmu_circ_0000623 [23]. In chickens, extremely limited 
investigations have been conducted on the precise roles 
and molecular mechanisms of circRNAs in adipogen-
esis, although the expressed circRNAs in abdominal 
adipose tissue have been authenticated. A total of 275 
differentially expressed circRNAs, whose parental genes 
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are significantly involved in lipid-related biological pro-
cesses and signaling pathways, have been identified in 
the abdominal fat tissue of Chinese domestic Gushi 
chickens at 6, 14, 22, and 30  weeks of age. The ceRNA 
network indicated that these differentially expressed cir-
cRNAs might play endogenous competitive regulatory 
roles through interactions with multiple miRNAs during 
abdominal fat tissue development in chickens [24]. Inte-
grative analysis of circRNA, miRNA, and mRNAs profiles 
during chicken intramuscular and abdominal adipogenic 
differentiation revealed that circLCLAT1, circFND-
C3AL, circCLEC19A, and circARMH1 potentially affect 
intramuscular and abdominal adipogenesis by sponging 
miRNAs to regulate downstream genes involved in per-
oxisome proliferator-activated receptor (PPAR)- and fatty 
acid metabolism-related signaling pathways [25]. A com-
parative analysis of circRNA expression in abdominal 
fat tissues with high and low abdominal fat percentage 
of Guangxi Partridge chickens identified 26 differen-
tially expressed circRNAs. Of these, novel_circ_PTPN2, 
novel_circ_CTNNA1, and novel_circ_PTPRD may serve 
as ceRNAs to regulate abdominal fat deposition [26]. 
In our previous study, we identified 111 differentially 
expressed circRNAs in chicken abdominal adipocytes 
at 0, 12, 48, 72, and 120  h post-differentiation, wherein 
Z:35,565,770|35,568,133 and Z:54,674,624|54,755,962 
were considered candidate regulators of chicken adi-
pogenic differentiation. Z:35,565,770|35,568,133 may 
compete with precursor mRNA splicing of its lipo-
genesis-related parental gene, abhydrolase domain 
containing 17B, depalmitoylase (ABHD17B), and 
Z:54,674,624|54,755,962 may function as a ceRNA that 
competitively sponges miRNAs to regulate the expres-
sion of lipogenesis-related genes [27]. These results imply 
that circRNAs might function as pivotal regulators of 
adipogenesis and abdominal fat deposition in chickens. 
Therefore, further studies are needed to reveal the mul-
tifaceted roles of circRNAs in adipogenesis and uncover 
the underlying molecular mechanisms in chickens.

In the present study, we identified a gradually 
increasing and differentially expressed circRNA, 
8:27,886,180|27,889,657, based on our previously 
reported circRNA sequencing data during chicken 
abdominal preadipocyte adipogenic differentiation 
(accession number: PRJNA732104) [27]. The circRNA 
8:27,886,180|27,889,657 is composed of exons 19–22 
of the linear transcript of the dedicator of cytokinesis 7 
(DOCK7) gene with a length of 654 nucleotides (abbre-
viated as circDOCK7). We then explored its charac-
teristics, expression patterns, biological functions, and 
regulatory mechanisms, and found that circDOCK7 
could promote the proliferation and adipogenic differen-
tiation of chicken abdominal preadipocytes by serving as 

a miRNA sponge to directly sequester gga-miR-301b-3p 
away from the acyl-CoA synthetase long-chain fam-
ily member 1 (ACSL1) gene and promote its expression 
post-transcriptionally. To our best knowledge, our study 
is the first to elucidate the regulatory mechanism of cir-
cRNA-mediated adipogenesis in chickens, providing new 
insights into the regulation of avian adipogenesis and a 
promising selective biomarker for the genetic improve-
ment of excessive abdominal fat deposition in chickens.

Methods
Ethics statement
All animal experiments were conducted in accordance 
with the protocols approved by the Animal Welfare 
Committee of the State Key Laboratory for Agro-Bio-
technology of the China Agricultural University (Permit 
Number: XK257). The birds were raised under the same 
environmental conditions, and food and water were 
provided ad  libitum. For animal welfare, the birds were 
humanely slaughtered, and all efforts were made to mini-
mize suffering.

Experimental animals and sample preparation
A population of 42-day-old female Arbor Acres broil-
ers was humanely slaughtered to collect abdominal fat. 
According to abdominal fat percentage (AbFP, abdomi-
nal fat weight/eviscerated weight), eight broilers each 
with extremely high AbFP (HAbF, 1.83% ± 0.23%) and 
with extremely low AbFP (LAbF, 0.43% ± 0.24%), which 
showed an extremely significant statistical difference of 
AbFP between HAbF group and LAbF group [28], were 
selected to collect the abdominal adipose tissue (leaf fat), 
liver, heart, pancreas, kidney, pectoralis, and duodenum. 
These tissue samples were immediately snap-frozen in 
liquid nitrogen and stored at −80 ºC for further RNA 
extraction.

Cell culture and adipogenic differentiation
Immortalized chicken preadipocyte 2 (ICP2) cells were 
obtained from the Key Laboratory of Chicken Genetics 
and Breeding, Ministry of Agriculture (Northeast Agri-
cultural University, Harbin, Heilongjiang, China). The 
ICP2 cells were maintained in a basal medium consisting 
of Dulbecco’s modified Eagle’s medium F12 (DMEM-F12) 
(Gibco, Gaithersburg, MD, USA) with a glucose concen-
tration of 17.51  mmol/L supplemented with 10% fetal 
bovine serum (FBS) (Gibco) and 1% penicillin–strepto-
mycin (Gibco). While growing to 80% confluence, ICP2 
cells were incubated with differentiation medium com-
prising the basal medium supplemented with a final con-
centration of 160 μmol/L sodium oleate (Sigma, St. Louis, 
MO, USA) dissolved in sterile deionized water to induce 
adipogenic differentiation. The differentiation medium 
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was changed every day. Human embryonic kidney 293 T 
cells and chicken embryonic fibroblast DF1 cells were 
obtained from the American Type Culture Collection 
(ATCC, Manassas, VA, USA) and were maintained in 
DMEM (Gibco) supplemented with 10% FBS (Gibco) and 
1% penicillin–streptomycin (Gibco). All cells were cul-
tured at 37 °C in a humidified 5%  CO2 atmosphere.

Complementary DNA (cDNA) synthesis and quantitative 
real‑time PCR (qRT‑PCR)
ICP2 cells were lysed using TRIzol reagent (TIANGEN, 
Beijing, China) for total RNA extraction. To detect circ-
DOCK7 and mRNA expression, 2 μg of total RNA from 
each sample was reverse-transcribed into cDNA using 
the FastKing RT Kit (with gDNase) (TIANGEN) accord-
ing to the manufacturer’s recommendations. A SYBR 
Green-based qRT-PCR was performed in a 20-μL reac-
tion volume containing 10 μL 2× Universal SYBR Green 
Fast qPCR Mix (aBclonal, Wuhan, China), 8 μL RNase-
free water, 0.5 μL each of forward and reverse primers 
(10 μmol/L), and 1 μL cDNA (approximately 300 ng). The 
qRT-PCR amplification protocol consisted of an initial 
denaturation at 95 °C for 15 min, 40 cycles of denatura-
tion at 94 °C for 20 s as well as annealing and extension at 
60 °C for 34 s. The housekeeping gene GAPDH served as 
an internal control to normalize the relative circRNA and 
mRNA expression.

To test miRNA expression, 2  μg of total RNA from 
each sample was reverse-transcribed into cDNA using 
the miRcute Plus miRNA First-Strand cDNA Kit (TIAN-
GEN). A SYBR Green-based poly(A)-tailed qRT-PCR 
was performed in a 20-μL reaction volume containing 
10 μL 2× miRcute Plus miRNA PreMix (SYBR&ROX) 
(TIANGEN), 8.2 μL RNase-free water, 0.4 μL each of for-
ward and reverse primers (10 μmol/L), and 1 μL cDNA 
(approximately 300  ng). The miRNA qRT-PCR ampli-
fication protocol consisted of an initial denaturation at 
95  °C for 15  min, 5 cycles of denaturation at 94  °C for 
20 s, annealing at 64 °C for 30 s, and extension at 72 °C 
for 34  s, followed by 40 cycles of 94  °C for 20  s, 60  °C 
for 34  s. The housekeeping gene U6 served as an inter-
nal control to normalize relative miRNA expression. 
The qRT-PCR was performed on a Bio-Rad CFX96 Real-
Time PCR system (Bio-Rad Laboratories, Inc., Hercules, 
CA, USA). The relative expression levels of circDOCK7, 
miRNAs and mRNAs were calculated using the  2−∆∆CT 
method. The qRT-PCR primers for miRNA expression 
were designed using the miRprimer2 software [29] and 
those for circRNA and mRNA expression were designed 
using the National Center for Biotechnology Information 
(NCBI) Primer-BLAST [30]. All primers were synthe-
sized by SinoGenoMax (Beijing, China) (Additional File 
1: Table S1).

Cyclization validation of circDOCK7
Divergent and convergent primers were designed to 
amplify the backsplicing junction (BSJ) sites of circ-
DOCK7 or linear DOCK7 mRNA, using cDNA and 
genomic DNA (gDNA) templates from chicken abdomi-
nal fat, respectively. The back-splicing sites of circ-
DOCK7 were PCR-amplified by divergent primer PCR 
and validated by Sanger sequencing. To compare the half-
lives of circDOCK7 and DOCK7, ICP2 cells were treated 
with a final dose of 2  μg/mL actinomycin D (Acmec, 
Shanghai, China) for 0, 4, 8, 12 and 24  h and then col-
lected for further RNA extraction and expression analysis 
as mentioned above. To validate circDOCK7 resistance 
to RNase R digestion, 4  μg RNA from ICP2 cells was 
treated with RNase R in three replicates (20 U/μL, GEN-
ESEED, Guangzhou, Guangdong, China) according to the 
manufacturer’s instructions. For the control group, 4 μg 
of RNA was supplemented with RNase-free water and 
10× RNase R buffer (RNase R−). For the RNase R diges-
tion group, 4  μg RNA was mixed with 10 U RNase R, 
RNase-free water, and 10× RNase R buffer (RNase R+). 
Subsequently, the two groups were incubated for 30 min 
at 37 °C. The RNA samples were reverse-transcribed into 
cDNA using the FastKing RT Kit (with gDNase) (TIAN-
GEN). The expression of circDOCK7 and DOCK7 in the 
two groups was detected by qRT-PCR. GAPDH was used 
as an internal control.

Isolation of nuclear and cytoplasmic fractions
The nuclear and cytoplasmic fractions and total RNA 
from ICP2 cells were isolated using a PairsTM kit (Part 
Number AM1921, Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s instructions. cDNA was 
synthesized as previously described. The U6 and GAPDH 
genes were used as marker genes for nuclear and cyto-
plasmic RNAs, respectively.

Fluorescence in situ hybridization (FISH)
A 5′-FAM-labeled probe 5′-TTCAT + TCC AGG AAG 
GGG AACC + TTA CTG CCA ATG ATGGA-3′ specifically 
binding to circDOCK7 was designed and synthesized by 
GenePharma Co., Ltd. (Shanghai, China). ICP2 cells were 
seeded in confocal culture dishes and were fixed with 4% 
paraformaldehyde (Solarbio, Beijing, China). The fixed 
ICP2 cells were then hybridized with 2  μmol/L of fluo-
rescence probes using a Fluorescent In  Situ Hybridiza-
tion Kit (Genepharma, Shanghai, China) according to the 
manufacturer’s instructions. The 4′,6-diamidino-2-phe-
nylindole (DAPI) (Solarbio) was used to stain nuclei. 
Images were captured using a laser scanning confocal 
microscope (Nikon A1R, Tokyo, Japan).

Bioactive mitochondria were specifically labeled using 
MitoTracker Red CMXRos (Beyotime, Shanghai, China) 
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in ICP2 cells, according to the manufacturer’s instruc-
tions. Briefly, the cells were cultured in a confocal dish. 
After removing the basal medium, a final concentra-
tion of 100  nmol/L MitoTracker Red CMXRos diluted 
with Hank’s Balanced Salt Solution (HBSS, with  Ca2+ 
and  Mg2+) (Beyotime) was added and incubated at 37 
ºC for 30 min. Thereafter, the MitoTracker Red CMXRos 
was replaced with pre-heated fresh basal medium at 37 
ºC. The endoplasmic reticulum was specifically labeled 
with ER-Tracker Red (Beyotime) in ICP2 cells, accord-
ing to the manufacturer’s instructions. Briefly, cells 
were cultured in a confocal dish and washed with HBSS 
(Beyotime). Subsequently, the cells were incubated with 
pre-heated 1:1,000 ER-Tracker Red staining solution of 
ER-Tracker Red and ER-Tracker Red diluent at 37 °C for 
30 min. ICP2 cells were observed microscopically using a 
laser scanning confocal microscope (Nikon A1R).

Cell Counting Kit‑8 (CCK‑8) assay
ICP2 cells were seeded in 96-well plates and cultured in 
basal medium. At 6, 24, 48, 72 and 96 h post-transfection, 
cell proliferation was monitored using the Cell Counting 
Kit-8 (Beyotime), according to the manufacturer’s proto-
col. After 1  h of incubation, absorbance at 450  nm was 
measured using a SpectraMax® i3x Multi-Mode Micro-
plate Reader (Molecular Devices Corporation, Sunnyvale, 
CA, USA).

5‑Ethynyl‐2′‐deoxyuridine (EdU) assay
ICP2 cells were seeded in 12-well plates and cultured 
in basal medium. At 48  h post-transfection, the cells 
were stained with Alexa Fluor 555 for 2 h using a Beyo-
Click™ EdU Cell Proliferation Kit (Beyotime), according 
to the manufacturer’s protocol. Cell nuclei were stained 
blue and EdU-positive cells were stained red. Cells were 
microscopically observed and photographed using an 
Echo Revolve fluorescence microscope (Echo Laborato-
ries, San Diego, CA, USA). The EdU-positive and total 
cells in the photofluorogram were counted using the 
ImageJ software [31].

Cell cycle assay
ICP2 cells were seeded in 6-well plates and cultured in 
basal medium. At 48 h post-transfection, cells were har-
vested by centrifugation at 1,000 × g for 5  min. After 
washing with cold phosphate buffered saline (PBS) 
(Gibco), the cells were fixed in cold 70% ethanol at 4 ℃ 
overnight. Subsequently, the cells were re-collected by 
centrifugation at 1,000 × g for 5 min and incubated with 
propidium staining solution (Beyotime) at 37 ºC for 
30  min in the dark conditions, according to manufac-
turer’s instructions. The cell cycle was analyzed by flow 
cytometry using a BD FACSCalibur flow cytometer (BD 

Biosciences, San Diego, CA, USA), and the data were 
analyzed using the FlowJo_v10.8.1 software.

Measurement of intracellular acetyl coenzyme 
A (acetyl‑CoA) and triglycerides (TG)
To investigate the effects of genes on intracellular acetyl-
CoA and triglycerides, ICP2 cells were treated with a 
final concentration of 160 μmol/L sodium oleate (Sigma) 
for 48 h after transfection. ICP2 cells were then washed 
twice with PBS and lysed with the lysis buffer. After 
ultrasonication, the cell mixture was resuspended by 
centrifugation at 8,000 × g for 10 min at 4 ºC. The intra-
cellular acetyl-CoA content was determined using an 
Acetyl Coenzyme A Content Assay Kit (Boxbio, Beijing, 
China), according to the manufacturer’s instructions. The 
ICP2 cells were then washed twice with PBS, and lysis 
buffer was added for ultrasonication. Thereafter, the cell 
suspension was incubated for 10  min at 70  °C and cen-
trifuged at 2,000 × g for 5 min at 25 °C. The intracellular 
triglyceride content was detected using a Tissue Triglyc-
eride (TG) Content Assay Kit (Applygen, Beijing, China), 
according to the manufacturer’s instructions. The intra-
cellular total protein content was assessed using a BCA 
Protein Quantification Kit (Applygen) to normalize the 
acetyl-CoA and triglyceride content.

Glucose uptake capacity assay
ICP2 cells were seeded into 6-well plates and transfected 
with the pcDNA3.1-EGFP and pcDNA3.1-ACSL1-EGFP 
plasmids. At 48  h post-transfection, the glucose uptake 
capacity of the cells was monitored using the Glucose 
Uptake Assay Kit (Dojindo, Tokyo, Japan), according to 
the manufacturer’s instructions. Briefly, the cells were 
washed twice and incubated with pre-heated glucose-free 
medium (Solarbio) for 15  min at 37 °C. Thereafter, the 
cells were incubated with the pre-heated probe solution 
for 15 min at 37 ºC and washed twice with pre-cooled WI 
Solution (1×). Pre-cooled WI Solution (1×) was added 
again and incubated at 25 °C for 5 min. Cells were micro-
scopically observed and photographed using an Echo 
Revolve fluorescence microscope (Echo Laboratories). 
The total number of cells was determined using the Cell 
Count Normalization Kit (Dojindo), according to the 
manufacturer’s instructions. The fluorescence intensity of 
the cell nucleus (excitation filter: 350 nm; emission filter: 
461  nm) and glucose uptake (excitation filter: 545  nm; 
emission filter: 605  nm) were measured using a Spec-
traMax® i3x Multi-Mode Microplate Reader (Molecular 
Devices Corporation).

Oil Red O staining
ICP2 cells were washed thrice with PBS (Gibco) and 
fixed in 4% paraformaldehyde solution (Solarbio) for 
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30  min. After washing thrice again with PBS, the cells 
were stained with Oil Red O (Sigma) dissolved in 100% 
isopropyl alcohol for 15 min at 25 ºC. Following infiltra-
tion with 60% isopropyl alcohol for 10  s, the cells were 
washed thrice with PBS and imaged under a microscope 
(Leica, Bensheim, Germany). Intracellular Oil Red O was 
dissolved in 100% isopropyl alcohol for 5  min, and the 
content of lipid droplets was quantified spectrophoto-
metrically by measuring the absorbance at 490 nm.

Nile red fluorescent staining
ICP2 cells were washed thrice with PBS, fixed in 4% for-
maldehyde (Solarbio) for 10  min, and then incubated 
with Nile red fluorescent dye (Applygen) for 10  min 
at 25 ºC. After washing with PBS, the cells were incu-
bated with DAPI for 10 min to stain the nuclei at 25 ºC. 
Cells were microscopically observed and photographed 
using an Echo Revolve fluorescence microscope (Echo 
Laboratories).

Bioinformatics analysis
The secondary structure of circDOCK7 was predicted 
using the RNAfold web server [32]. Open reading frag-
ments (ORFs) with a minimum length of 150 nt were 
extracted using the EMBOSS GetOrf software [33]. The 
internal ribosome entry site (IRES) elements of circ-
DOCK7 were predicted using IRESfinder, a special-
ized tool for IRES prediction in eukaryotic cells [34]. 
The N6-methyladenosine  (m6A) modification sites in 
the circDOCK7 sequence were predicted using SRAMP 
(sequence-based RNA adenosine methylation site pre-
dictor) [35]. The RNA-RNA duplex and minimum 
free energy (MFE) between circDOCK7 and gga-miR-
301b-3p as well as between gga-miR-301b-3p and the 3′ 
UTR of the ACSL1 gene were analyzed using RNAhybrid 
[36]. Subcellular localization of chicken ACSL1 protein 
were predicted using UniProt [37].

Construction of the ceRNA regulatory network
Differentially expressed miRNAs that potentially interact 
with circDOCK7 and their differentially expressed target 
mRNAs that are closely involved in lipid metabolism were 
predicted using an intersection of miRanda [38] and Tar-
getScan [39]. The circDOCK7-miRNA pairs with a negative 
expression correlation, miRNA-mRNA pairs with a negative 
expression correlation, and circDOCK7-mRNA pairs with a 
positive expression correlation were selected to establish the 
circDOCK7-associated ceRNA network, which was visual-
ized using the Cytoscape software, version 3.8.2 [40].

Plasmid construction and RNA oligonucleotide synthesis
To construct dual-luciferase reporter plasmids, the 
ACSL1 3′ UTR region containing the complementary 
binding sites of the gga-miR-301b-3p seed region with 
an insert containing XhoI and NotI restriction enzyme 
sites was cloned into the XhoI and NotI (Takara, Tokyo, 
Japan) double-digested psi-CHECK™-2 vector (Pro-
mega, Madison, WI, USA) using the Trelief™ SoSoo 
Cloning Kit (TSINGKE, Beijing, China) for wild-type 
plasmid construction, and named ACSL1-3′UTR-WT, 
according to the manufacturer’s specifications. The 
complementary binding site of gga-miR-301b-3p to the 
ACSL1 3′-UTR was deleted and cloned to construct 
the mutant-type plasmid ACSL1-3′-UTR-Mut. Simi-
larly, the wild-type circDOCK7 plasmid containing a 
complementary gga-miR-301b-3p binding site (circ-
DOCK7-WT) and the mutant-type circDOCK7 plas-
mid of lacking the complementary gga-miR-301b-3p 
binding site (circDOCK7-Mut) were constructed. All 
primers were synthesized by SinoGenoMax (Beijing, 
China) (Additional File 1: Table S1).

To construct the circDOCK7 overexpression vec-
tor, the full-length circDOCK7 with EcoRI and BamHI 
restriction enzyme sites was cloned into the EcoRI 
and BamHI (Takara) double-digested pLC5-ciR vector 
(GENESEED, Guangzhou, China) using the Trelief™ 
SoSoo Cloning Kit (TSINGKE), and named oe-circ-
DOCK7. To construct the ACSL1 overexpression vec-
tor, the complete coding sequences of the ACSL1 gene 
with a deleted termination codon and inserted NheI 
and EcoRI restriction enzyme sites were cloned into the 
NheI and EcoRI (Takara) double-digested pcDNA3.1-
EGFP vector (Invitrogen), using the Trelief™ SoSoo 
Cloning Kit (TSINGKE), and named pcDNA3.1-
ACSL1-EGFP. Plasmid DNA was purified using the 
EndoFree Maxi Plasmid Kit (TIANGEN), according to 
the manufacturer’s instructions.

Small interfering RNA (siRNA) oligonucleotides 
siACSL1 (sense: CCU CAC GAC CUA CUG GUA UTT; 
antisense: AUA CCA GUA GGU CGU GAG GTT) designed 
to specifically knockdown the ACSL1 gene, the siRNA 
oligonucleotides sicircDOCK7 (sense: CAU UGG CAG 
UAA GGU UCC CTT; antisense: GGG AAC CUU ACU 
GCC AAU GTT) designed to specifically knockdown 
circDOCK7, miR-301b-3p agomir specifically for gga-
miR-301b-3p overexpression, miR-301b-3p antagomir 
specifically for gga-miR-301b-3p knockdown, and their 
corresponding negative controls (NCs), were synthesized 
by GenePharma Co., Ltd. (Shanghai, China). All cell trans-
fection experiments were performed using Lipofectamine 
3000 Transfection Reagent (Invitrogen), according to the 
manufacturer’s instructions.
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Dual‑luciferase reporter assay
After seeding 293 T cells and DF1 cells in 24-well plates, 
they were co-transfected in triplicate with miR-301b-3p 
agomir or agomir NC (80  nmol/L) and the above-men-
tioned wild-type or mutant plasmids (500 ng per well). At 
48 h post-transfection, the cells were washed three times 
with PBS and lysed with 1× passive lysis buffer (Promega) 
for 15 min. Firefly and Renilla luminescence were meas-
ured using the Dual-Luciferase® Reporter Assay System 
(Promega) on a SpectraMax® i3x Multi-Mode Micro-
plate Reader (Molecular Devices Corporation). Renilla 
luciferase activity was normalized to the firefly luciferase 
activity.

RNA Pull‑down assay
A biotinylated probe specifically binding to circDOCK7 
was designed, and an oligo probe served as a negative 
control (NC). Approximately, 1 ×  107 ICP2 cells were 
harvested, lysed, and ultrasonicated. The biotinylated 
circDOCK7 probe (TSINGKE) and NC probe were 
denatured by incubating at 90  °C for 2 min and then in 
an ice bath for 2 min. After adding 50 μL of RNA struc-
ture buffer and 20 μL of RNase-free water, the probes 
were kept at 25 °C for 20 min to form the RNA secondary 
structure. Subsequently, the probes were incubated with 
streptavidin magnetic beads (Life Technologies, Grand 
Island, NY, USA) at 25 ºC for 30 min to generate probe-
coated beads. The cell lysates were incubated with probe-
coated beads at 4  °C overnight. The miRNAs that were 
sponged by circDOCK7 in the pull-down materials were 
reverse-transcribed into cDNA, and gga-miR-301b-3p 
expression was analyzed by a qRT-PCR assay, as men-
tioned above.

Statistical analysis
All data are presented as mean ± standard deviation. The 
relative gene expression levels are calculated using  2−∆∆Ct 
method and shown as fold changes compared with that 
in the control group. The normality of experimental data 
was performed using Shapiro–Wilk test before the sig-
nificant difference by statistics analysis. Statistically sig-
nificant differences between the two experimental groups 
were determined via the t-test using the SPSS software 
(version 23.0; IBM, Chicago, IL, USA). Significance 
was set at P < 0.05, and extreme significance was set at 
P < 0.01. The results were analyzed using GraphPad Prism 
8 (GraphPad Software, San Diego, CA, USA).

Results
Characterization and expression profile of circDOCK7
circDOCK7 is a 654-nucleotide-long circRNA derived 
from the head-to-tail splicing of exons 19–22 of the 

DOCK7 gene located on chromosome 8 (Fig. 1A, Addi-
tional File 1: Table S2). To exclude the possibility that 
such head-to-tail splicing products arise from genomic 
rearrangements and trans-splicing, we first designed 
divergent primers that specifically amplify only the cir-
cular transcript (circDOCK7) and convergent primers 
that specifically amplify the linear parental transcript 
(DOCK7) using cDNA and gDNA templates, respec-
tively (Fig.  1A). The circDOCK7 was observed only 
in divergent primer-amplified PCR products from 
cDNA, but not from the gDNA of ICP2 cells, and the 
backsplicing junction sites were validated by Sanger 
sequencing (Fig.  1B  and C). Moreover, endogenous 
circDOCK7 abundance was not significantly changed 
upon exposure to RNase R, in which the significantly 
decreased expression levels of the linear DOCK7 and 
GAPDH genes supported the desirable efficacy of the 
RNase R treatment, indicating that circDOCK7 was 
resistant to RNase R digestion (Fig.  1D). The RNA 
stability of circDOCK7 and its linear parental gene 
DOCK7, as determined using actinomycin D, a small 
molecule inhibitor of transcription, showed that circ-
DOCK7 was highly stable with its half-life exceeding 
24  h, while the expression of the DOCK7 gene was 
remarkably reduced in a time-dependent manner and 
exhibited more than 65% reduction at 24  h (Fig.  1E). 
These results suggest that circDOCK7 was stable with 
RNase R resistance and a longer half-life. The second-
ary structure prediction of circDOCK7, based on the 
minimum free energy (MFE), showed that circDOCK7 
has a stem-loop structure (Additional file  2: Fig. S1). 
To determine the subcellular localization of circ-
DOCK7, we conducted a qRT-PCR analysis of nuclear 
and cytoplasmic circDOCK7 expression and FISH with 
a 5’FAM-labeled circRNA probe that precisely recog-
nizes the backsplicing junction sites of circDOCK7 
backsplicing region to determine its subcellular loca-
tion. We found that circDOCK7 was primarily located 
in the cytoplasm of ICP2 cells (Fig.  1F  and G). These 
results indicated that circDOCK7 is an exon-based 
RNase-resistant circRNA that predominantly localizes 
to the cytoplasm.

The expression profiles determined by qRT-PCR 
showed that circDOCK7 had the highest expression in 
abdominal fat among the seven detected tissues, and 
a significantly higher expression in abdominal fat tis-
sues in the high abdominal fat (HAbF) group than in 
the low abdominal fat (LAbF) group (Fig.  1H). Dur-
ing the proliferation and adipogenic differentiation of 
chicken abdominal preadipocytes, the expression of 
circDOCK7 gradually increased in a time-dependent 
manner (Fig.  1I  and J). These findings indicate that 
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Fig. 1 Cyclization verification, subcellular localization, and expression pattern analysis of circDOCK7. A Schematic diagram showing the formation 
and designing of primers for cyclization verification of circDOCK7. B PCR amplification of the divergent and convergent primers of circDOCK7 using 
gDNA and cDNA as templates, respectively. C Confirmation of the backsplicing junction of circDOCK7 via Sanger’s sequencing. D qRT-PCR analysis 
of the relative expression of circDOCK7 and DOCK7 in chicken abdominal preadipocytes treated with RNase R. The relative gene expression levels 
are shown as fold changes compared with that in the RNase R − group. E qRT-PCR analysis of the relative expression of circDOCK7 and DOCK7 
in chicken abdominal preadipocytes treated with actinomycin D. The relative gene expression levels are shown as fold changes compared with 
that in the 0 h group. F qRT-PCR analysis of circDOCK7 expression in the cytoplasm and nuclear fractions of chicken abdominal preadipocytes. 
G Subcellular localization of circDOCK7 in chicken abdominal preadipocytes using RNA fluorescence in situ hybridization assay. Cell nuclei were 
stained with 4′,6-diamidino-2-phenylindole DAPI (blue), and circDOCK7 was hybridized with the circDOCK7 probe (green). H Tissue expression 
pattern of circDOCK7 in chickens with high and low abdominal fat percentage. I and J Expression pattern of circDOCK7 during the proliferation 
and adipogenic differentiation of chicken abdominal preadipocytes. During the proliferation of chicken abdominal preadipocytes, the relative 
expression levels are shown as fold change versus that of the 24 h group, and the statistical significance analysis are performed versus the 24 h 
group as control. During the adipogenic differentiation of chicken abdominal preadipocytes, the expression levels are shown as fold change versus 
that of the 0 h group, and the statistical significance analysis are performed versus the 0 h group as control.   *P < 0.05, **P < 0.01. The same below
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circDOCK7 may play a positive regulatory role in 
adipogenesis.

CircDOCK7 knockdown inhibits the proliferation of chicken 
abdominal preadipocytes
To explore the effects of circDOCK7 on abdominal adi-
pogenesis in chickens, we first monitored the cell prolif-
eration capacity of chicken abdominal preadipocytes via 
gain- and loss-of-function experiments by transfecting 
the circDOCK7 overexpression vector pLC5-circDOCK7 
and siRNA sicircDOCK7, respectively. The CCK8 assay 
showed no significant difference in the number of liv-
ing chicken abdominal preadipocytes in the experi-
mental group compared to the control group at 6, 24, 
48, 72 and 96 h post-transfection (Additional file 2: Fig. 
S2A). The remarkable overexpression of circDOCK7 
(by approximately 2,700-fold) in pLC5-circDOCK7-
treated ICP2 cells for 48  h was confirmed by qRT-PCR 
(Additional file  2: Fig. S2B). The EdU staining showed 
no significant change in the proportion of EdU-positive 
chicken abdominal preadipocytes in the circDOCK7 
overexpression group compared to the control group 
(Additional file  2: Fig. S2C  and D). A flow-cytometric 
cell cycle analysis revealed that circDOCK7 overexpres-
sion did not significantly change the G0/G1-, S-, and 
G2/M-phase populations of chicken abdominal preadi-
pocytes (Additional file  2: Fig. S2E  and F). CircDOCK7 
knockdown significantly decreased the number of living 
chicken abdominal preadipocytes, as determined by the 
CCK8 assay (Fig. 2A). A qRT-PCR analysis showed that 
circDOCK7 expression caused an approximately 84% 
reduction in sicircDOCK7-treated ICP2 cells for 48  h 
(Fig.  2B). The EdU staining assay revealed significantly 
reduced EdU-positive chicken abdominal preadipo-
cytes in the circDOCK7 knockdown group compared to 
the siNC group (Fig. 2C and D). Moreover, circDOCK7 
knockdown prevented cell cycle progression, resulting in 
more cell populations arrested in the G0/G1 phase and, 
thus, fewer cell populations in the S phase of chicken 
abdominal preadipocytes (Fig. 2E and F), indicating that 
circDOCK7 knockdown inhibited the proliferation of 
chicken abdominal preadipocytes.

CircDOCK7 promotes the adipogenic differentiation 
of chicken abdominal preadipocytes
To further investigate the regulatory role of circDOCK7 
in abdominal adipogenesis in chickens, we detected 
intracellular lipid droplet accumulation and intracellular 
triglyceride and acetyl-CoA contents via gain- and loss-
of-function assays in differentiated ICP2 cells. Compared 
with the pLC5-ciR control group, a remarkable increase 
in circDOCK7 expression (by approximately 360-fold) 
was detected in circDOCK7-overexpressing ICP2 cells 

by a qRT-PCR analysis (Fig.  3A). This resulted in a sig-
nificant increase in intracellular lipid droplet accumula-
tion upon circDOCK7 overexpression, as determined 
by Oil Red O and lipophilic fluorophore Nile red stain-
ing (Fig.  3B–D). Moreover, excessive circDOCK7 
expression led to a significant increase in the content 
of intracellular triglycerides and acetyl-CoA, the main 
precursor of lipid synthesis (Fig.  3E and F). The mRNA 
expression of marker genes closely responsible for adi-
pogenesis, including peroxisome proliferator-activated 
receptor γ (PPARγ) and CCAAT/enhancer-binding 
protein α (CEBPα), was significantly increased upon 
circDOCK7 stimulation (Fig.  3G). Conversely, intracel-
lular lipid droplet accumulation as well as acetyl-CoA 
and triglyceride levels were remarkably decreased by 
circDOCK7 interference, accompanied by significantly 
inhibited mRNA abundance of the CEBPα gene (Fig. 3H–
N). These results indicate that circDOCK7 facilitates 
the adipogenic differentiation of chicken abdominal 
preadipocytes.

CircDOCK7 acts as a sponge for gga‑miR‑301b‑3p to play 
biological roles
circRNAs are implicated in various biological processes 
through diverse regulatory mechanisms, such as spong-
ing miRNA, modulating their host gene transcription, 
and encoding proteins or peptides. To elucidate the func-
tional mechanism of circDOCK7 underlying adipogenesis 
in chickens, we first evaluated the translation potential of 
circDOCK7 based on the fact that endogenous circRNAs 
with ORFs can be translated into proteins or peptides 
driven by an IRES and  m6A modification. A bioinformat-
ics analysis revealed that circDOCK7 has an IRES (Score 
0.7133933991446173) and two  m6A modification sites in 
195A (high confidence) and 369A (moderate confidence) 
(Additional file 2: Fig. S3), but no ORFs, suggesting that 
it has almost no protein-coding potential. Second, we 
assessed the co-expression tendency of circDOCK7 and 
DOCK7 during adipogenic differentiation of chicken 
abdominal preadipocytes and found that circDOCK7 had 
no significant correlation with its parental genes (Pearson 
correlation coefficient =  −0.3024, P = 0.2734) (Additional 
file 2: Fig. S4A and B). To further confirm whether circ-
DOCK7 modulated the transcriptional expression of its 
host DOCK7 gene, we measured the mRNA expression 
levels of DOCK7, while circDOCK7 was overexpressed 
and knocked down in proliferated and differentiated 
chicken abdominal preadipocytes, respectively. A qRT-
PCR analysis showed no significant change in the mRNA 
expression level of DOCK7 gene in the proliferative and 
differentiated chicken abdominal preadipocytes upon 
circDOCK7 overexpression (Additional file  2: Fig. S4C) 
or interference (Additional file 2: Fig. S4D). This indicates 
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that circDOCK7 could not regulate parental gene expres-
sion during adipogenesis in chickens.

Based on the expression profiles of circDOCK7, poten-
tial miRNAs absorbed by circDOCK7 and their poten-
tial target mRNAs, the constructed ceRNA regulatory 
network showed that circDOCK7 might interact with 

five miRNAs: gga-miR-1354, gga-miR-143-3p, gga-miR-
301b-3p, novel_miR_105, and novel_miR_273, wherein 
gga-miR-301b-3p might target the ACSL1 gene, an indis-
pensable regulator at the critical juncture of de novo lipid 
synthesis that is involved in several lipid-related signal-
ing pathways, including fatty acid metabolism, fatty acid 

Fig. 2 Effects of circDOCK7 knockdown on the proliferation of chicken abdominal preadipocytes. A CCK8 assay of chicken abdominal 
preadipocytes transfected with siNC and sicircDOCK7 at 6, 24, 48, 72 and 96 h post-transfection. B Detection of circDOCK7 knockdown in chicken 
abdominal preadipocytes 48 h post-transfection with sicircDOCK7. The relative gene expression levels are shown as fold changes compared with 
that in the siNC group. The same below. C Proliferation of chicken abdominal preadipocytes determined by 5-ethynyl-2′-deoxyuridine (EdU) after 
48 h of transfection with sicircDOCK7. D Histogram showing the proportion of EdU-positive cells using ImageJ. E and F Cell cycle analysis of chicken 
abdominal preadipocytes after 48 h transfection with sicircDOCK7 using flow cytometry. *P < 0.05, **P < 0.01
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biosynthesis, fatty acid degradation, PPAR signaling 
pathway, and adipocytokine signaling pathway (Addi-
tional file 2: Fig. S5A). Furthermore, circDOCK7 expres-
sion was significantly positively correlated (Pearson 
correlation coefficient = 0.8007, P = 0.0003) with ACSL1 
expression (Additional file 2: Fig. S5B and C). The MFEs 
of the RNA duplexes formed by circDOCK7 and gga-
miR-301b-3p as well as gga-miR-301b-3p and ACSL1 
gene were −22.9 and −22.7  kcal/mol, respectively, indi-
cating the high strength of these hybridizations (Addi-
tional file 2: Fig. S5D and E). Additionally, in proliferative 

chicken abdominal preadipocytes, the expression level 
of gga-miR-301b-3p was remarkably increased by circ-
DOCK7 interference, although there was no significant 
change with circDOCK7 overexpression (Fig. 4A). In dif-
ferentiated chicken abdominal preadipocytes induced by 
sodium oleate, the overexpression of circDOCK7 signifi-
cantly inhibited gga-miR-301b-3p expression compared 
to the pLC5-ciR control group, whereas the knock-
down of circDOCK7 significantly enhanced gga-miR-
301b-3p expression compared to the siNC control group 
(Fig. 4B). In contrast, the ACSL1 mRNA abundance was 

Fig. 3 Effects of circDOCK7 on the adipogenic differentiation of chicken abdominal preadipocytes. A Detection of circDOCK7 overexpression 
after 48 h of transfection with circDOCK7 overexpression vector in differentiated chicken abdominal adipocytes. The relative gene expression 
levels are shown as fold changes compared with that in the pLC5-ciR group. The same below. B and C Representative images of Oil Red O 
staining and lipid droplet content of circDOCK7-overexpressing differentiated chicken abdominal adipocytes. D Representative images of 
Nile red fluorescent staining of circDOCK7-overexpressing differentiated chicken abdominal adipocytes. E and F Intracellular triglyceride 
and acetyl-CoA levels of circDOCK7-overexpressing differentiated chicken abdominal adipocytes. G Relative mRNA expression levels of 
PPARγ and CEBPα in circDOCK7-overexpressing differentiated chicken abdominal adipocytes. H Detection of circDOCK7 knockdown after 
48 h of transfection with sicircDOCK7 in differentiated chicken abdominal adipocytes. I and J Representative images of Oil Red O staining 
and lipid droplet content of circDOCK7-knockdown differentiated chicken abdominal adipocytes. K Representative images of Nile red 
fluorescent staining of circDOCK7-knockdown differentiated chicken abdominal adipocytes. L and M Intracellular triglyceride and acetyl-CoA 
levels of circDOCK7-knockdown differentiated chicken abdominal adipocytes. N Relative mRNA expression levels of PPARγ and CEBPα in 
circDOCK7-knockdown differentiated chicken abdominal adipocytes. *P < 0.05, **P < 0.01
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significantly decreased in both sicircDOCK7-treated pro-
liferative and differentiated ICP2 cells compared to the 
siNC group, and was significantly increased in differenti-
ated ICP2 cells transfected with circDOCK7 overexpres-
sion vector compared to the control group (Fig. 4C and 
D). This inspired us to explore the circDOCK7-mediated 
ceRNA regulation during chicken adipogenesis.

To confirm the interaction between circDOCK7 and 
gga-miR-301b-3p, we first predicted one gga-miR-
301b-3p-binding site in the circDOCK7 sequences 
and constructed wild-type and mutant plasmids that 

contained and lacked this binding site, respectively 
(Fig. 4E). As expected, a dual-luciferase reporter assay 
revealed that co-transfection of miR-301b-3p ago-
mir and wild-type circDOCK7 significantly reduced 
the relative luciferase activity in both 293  T and DF1 
cells; however, the co-transfection of miR-301b-3p ago-
mir and mutant circDOCK7 did not affect the relative 
luciferase activity (Fig.  4F). This demonstrated direct 
binding between circDOCK7 and gga-miR-301b-3p 
based on their complementary sequences. To further 
determine the direct interaction of circDOCK7 and 
gga-miR-301b-3p in chicken abdominal preadipocytes, 

Fig. 4 circDOCK7 functions as a gga-miR-301b-3p sponge. A and B Relative expression of gga-miR-301b-3p in proliferative and differentiated 
chicken abdominal preadipocytes upon circDOCK7 overexpression and knockdown. C and D Relative expression of the ACSL1 gene in proliferative 
and differentiated chicken abdominal preadipocytes upon circDOCK7 overexpression and knockdown. E Construction of dual-luciferase reporter 
vectors for the validation of gga-miR-301b-3p binding to circDOCK7. WT: wild-type vector; Mut: mutant vector; hRluc: Renilla luciferase; hluc + : firefly 
luciferase. F Validation of the interaction between gga-miR-301b-3p and circDOCK7 via a dual-luciferase reporter assay in 293 T cells and DF1 cells. G 
Detection of the combination of circDOCK7 and gga-miR-301b-3p by an RNA pull-down assay. H qRT-PCR analysis of gga-miR-301b-3p expression 
pulled down by the circDOCK7 probe. *P < 0.05, **P < 0.01
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we conducted a pull-down experiment in chicken 
abdominal preadipocytes and confirmed the enrich-
ment of gga-miR-301b-3p in the circDOCK7 probe-
treated group, but not in the Bio-NC group (Fig.  4G). 
Moreover, gga-miR-301b-3p expression was remark-
ably increased in the circDOCK7 probe-treated group 
compared to the Bio-NC group, as determined by qRT-
PCR (Fig. 4H). These results suggested that circDOCK7 
directly binds to gga-miR-301b-3p in chicken abdomi-
nal preadipocytes.

gga‑miR‑301b‑3p inhibits the proliferation of chicken 
abdominal preadipocytes
To determine whether gga-miR-301b-3p functions in 
chicken adipogenesis, we first monitored the tissue 
expression profiles of HAbF and LAbF broilers. A qRT-
PCR assay showed that gga-miR-301b-3p expression was 
the most abundant in abdominal fat among the seven 
detected tissues and was significantly downregulated in 
the abdominal fat of HAbF broilers than that of LAbF 

broilers (Fig.  5A). We then detected gga-miR-301b-3p 
expression in chicken abdominal preadipocytes at differ-
ent stages of proliferation and conducted gain- and loss-
of-function experiments by transfecting miR-301b-3p 
agomir and miR-301b-3p antagomir into ICP2 cells, 
respectively. The results showed that gga-miR-301b-3p 
expression was gradually downregulated during chicken 
abdominal preadipocyte proliferation in a time-depend-
ent manner (Fig.  5B). A CCK8 assay showed that gga-
miR-301b-3p overexpression significantly decreased the 
number of living ICP2 cells at 24, 48, 72, and 96 h post-
transfection, whereas gga-miR-301b-3p knockdown 
significantly increased the number of living ICP2 cells 
(Fig.  5C  and D). Similarly, EdU staining revealed that 
remarkably fewer EdU-positive cells were accompanied 
by gga-miR-301b-3p overexpression (Fig. 5E and F), con-
trary to those triggered by gga-miR-301b-3p interference 
(Fig. 5G and H). Additionally, a cell cycle analysis showed 
that the proportion of ICP2 cells was significantly 
increased in the G0/G1 phase and significantly decreased 

Fig. 5 Effects of gga-miR-301b-3p on the proliferation of chicken abdominal preadipocytes. A Tissue expression pattern of gga-miR-301b-3p in 
chickens with high and low abdominal fat percentage. B Expression pattern of gga-miR-301b-3p during the proliferation of chicken abdominal 
preadipocytes. C CCK8 assay of chicken abdominal preadipocytes transfected with miR-301b-3p agomir and miR-301b-3p agomir NC. D CCK8 
assay of chicken abdominal preadipocytes transfected with miR-301b-3p antagomir and miR-301b-3p antagomir NC. E Proliferation of chicken 
abdominal preadipocytes determined by EdU after 48 h of transfection with miR-301b-3p agomir and miR-301b-3p agomir NC. F Histogram 
showing the proportion of gga-miR-301b-3p-overexpressing EdU-positive cells using ImageJ. G Proliferation of chicken abdominal preadipocytes 
determined by EdU after 48 h of transfection with miR-301b-3p antagomir and miR-301b-3p antagomir NC. H Histogram showing the proportion 
of gga-miR-301b-3p-knockdown EdU-positive cells using ImageJ. I and J Flow-cytometric cell cycle analysis of chicken abdominal preadipocytes 
after 48 h of transfection with miR-301b-3p agomir and miR-301b-3p agomir NC. K and L Flow-cytometric cell cycle analysis of chicken abdominal 
preadipocytes after 48 h of transfection with miR-301b-3p antagomir and miR-301b-3p antagomir NC. *P < 0.05, **P < 0.01
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in the S phase upon gga-miR-301b-3p overexpression 
(Fig.  5I  and J); gga-miR-301b-3p interference exhibited 
the opposite effects (Fig.  5K  and L). These results indi-
cated that gga-miR-301b-3p inhibited the proliferation of 
chicken abdominal preadipocytes by blocking their pro-
gression from the G0/G1 phase to the S phase.

gga‑miR‑301b‑3p suppresses the adipogenic 
differentiation of chicken abdominal preadipocytes
To further assess the functions of gga-miR-301b-3p in 
chicken adipogenesis, we monitored its expression pat-
tern during the adipogenic differentiation of chicken 
abdominal preadipocytes and the changes in intracellu-
lar acetyl-CoA, triglyceride, and lipid droplet accumula-
tion in differentiated ICP2 cells with gga-miR-301b-3p 
overexpression and knockdown, respectively. Here, gga-
miR-301b-3p was significantly downregulated in dif-
ferentiated than in undifferentiated chicken abdominal 
preadipocytes (Fig.  6A). A significant decrease in intra-
cellular lipid droplet content was detected in ICP2 cells 
transfected with gga-miR-301b-3p agomir for 48  h, as 
determined by Oil Red O and Nile red fluorescent stain-
ing assays (Fig.  6B–D). Additionally, intracellular tri-
glyceride and acetyl-CoA levels were significantly lower 
in the gga-miR-301b-3p overexpression group than in 
the control group (Fig.  6E, F). In contrast, intracellular 
lipid droplet, triglyceride, and acetyl-CoA levels were 
significantly increased in the gga-miR-301b-3p knock-
down group than in the control group (Fig. 6G–K). These 
results indicate that gga-miR-301b-3p suppresses the 
adipogenic differentiation of abdominal preadipocytes in 
chickens.

ACSL1 is a direct target of gga‑miR‑301b‑3p
The miRNA gga-miR-301b-3p was derived from intron 1 
of the spindle and kinetochore-associated complex subu-
nit 2 pseudogene 1 (SKA2) gene in the chicken genome 
(Fig. 7A). Our results suggested that the seed region gga-
miR-301b-3p could bind to the 3′ untranslated region 
(UTR) of the ACSL1 gene, which is conserved among spe-
cies, including human, chimp, mouse, rat, pig, cow, lizard 
and western clawed from (Xenopus tropicalis) (Fig.  7B). 
To confirm the interaction between gga-miR-301b-3p 
and ACSL1, we constructed wild-type and mutant dual-
luciferase reporter plasmids that contained and lacked 
the binding sites of the gga-miR-301b-3p seed region 
in the ACSL1 gene 3′-UTR, named ACSL1-3′UTR-WT 
and ACSL1-3′UTR-Mut, respectively (Fig.  7C). The 
dual-luciferase reporter plasmids were co-transfected 
with miR-301b-3p agomir or agomir NC into 293 T and 
DF1 cells. As expected, a dual-luciferase reporter assay 
revealed that gga-miR-301b-3p significantly decreased 
the relative luciferase activity of ACSL1-3′UTR-WT but 

did not affect that of ACSL1-3′UTR-Mut in either 293 T 
cells or DF1 cells (Fig. 7D). Moreover, the ACSL1 mRNA 
levels were significantly suppressed upon miR-301b-3p 
overexpression and significantly enhanced upon miR-
301b-3p knockdown in both proliferative and differenti-
ated chicken abdominal preadipocytes (Fig.  7E and F). 
These results indicated that gga-miR-301b-3p directly 
targeted the ACSL1 gene and inhibited its post-transcrip-
tional expression.

Subcellular localization and expression profiles of chicken 
ACSL1 protein
Most proteins can exert their functions in multiple 
compartments, which is determined by their subcellu-
lar localization. To determine the subcellular localiza-
tion of the chicken ACSL1 protein, we first predicted it 
using UniProt and found that chicken ACSL1 was likely 
located in the endoplasmic reticulum, mitochondria, 
and membranes (Additional file 2: Fig. S6). Subsequently, 
our fluorescence staining assays showed that the chicken 
ACSL1 protein was indeed distributed in the endoplas-
mic reticulum and mitochondria of chicken abdominal 
preadipocytes (Fig.  8A). The tissue expression profiles 
of the ACSL1 gene in HAbF and LAbF broilers showed 
that ACSL1 exhibited the highest mRNA expression in 
abdominal fat and was significantly upregulated in the 
abdominal fat tissues of the HAbF group compared to the 
LAbF group (Fig. 8B). Moreover, ACSL1 showed a grad-
ual increase in mRNA expression during the prolifera-
tion and adipogenic differentiation of chicken abdominal 
preadipocytes (Fig. 8C and D). These results suggest that 
ACSL1 plays a crucial role in abdominal adipogenesis in 
chickens.

ACSL1 gene facilitates proliferation and glucose uptake 
in chicken abdominal preadipocytes
To explore the effects of the ACSL1 gene on the prolifera-
tion of chicken abdominal preadipocytes, we performed 
gain- and loss-of-function experiments by transfecting 
the overexpression vector and siRNA into ICP2 cells. The 
number of living cells was significantly increased upon 
ACSL1 overexpression but was significantly decreased 
upon ACSL1 silencing, as determined by the CCK8 
assay (Fig. 9A and B). Accordingly, EdU staining showed 
that the proportion of EdU-positive chicken abdominal 
preadipocytes was markedly increased by ACSL1 over-
expression and markedly decreased by ACSL1 silencing 
(Fig.  9C  and D). Moreover, cell cycle analysis demon-
strated that ACSL1 overexpression promoted normal 
cell cycle progression characterized by significantly 
decreased G0/G1-phase and significantly increased S- 
and G2/M-phase cell populations (Fig.  9E). In contrast, 



Page 15 of 26Tian et al. Journal of Animal Science and Biotechnology           (2023) 14:91  

ACSL1 silencing produced the opposite effect and inhib-
ited the normal cell cycle progression (Fig.  9F). How-
ever, the intracellular glucose uptake capacity of chicken 
abdominal preadipocytes was significantly increased by 
ACSL1 overexpression and significantly decreased by 
ACSL1 interference (Fig.  9G and H). These results indi-
cated that the ACSL1 gene could inhibit the prolifera-
tion of chicken abdominal preadipocytes by accelerating 

the cell cycle transition from G0/G1 to S phase and S to 
G2/M phase as well as the intracellular glucose uptake 
capacity of chicken abdominal preadipocytes.

ACSL1 gene facilitates the adipogenic differentiation 
of chicken abdominal preadipocytes
To confirm whether ACSL1 regulates the adipogenic 
differentiation of chicken abdominal preadipocytes, 

Fig. 6 Effects of gga-miR-301b-3p on the adipogenic differentiation of chicken abdominal preadipocytes. A Expression pattern of 
gga-miR-301b-3p during the adipogenic differentiation of chicken abdominal preadipocytes. B, C Representative images of Oil Red O staining 
and Nile red fluorescent staining of gga-miR-301b-3p-overexpressing differentiated chicken abdominal adipocytes. D Detection of lipid droplet 
content of gga-miR-301b-3p-overexpressing differentiated chicken abdominal adipocytes. E and F Intracellular triglyceride and acetyl-CoA 
levels of gga-miR-301b-3p-overexpressing differentiated chicken abdominal adipocytes. G and H Representative images of Oil Red O staining 
and Nile red fluorescent staining of gga-miR-301b-3p-knockdown differentiated chicken abdominal adipocytes. I Detection of the lipid droplet 
content of gga-miR-301b-3p-knockdown differentiated chicken abdominal adipocytes. J and K Intracellular triglyceride and acetyl-CoA levels of 
gga-miR-301b-3p-knockdown differentiated chicken abdominal adipocytes. *P < 0.05, **P < 0.01
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we detected intracellular lipid droplet accumulation as 
well as intracellular triglyceride and acetyl-CoA levels 
via gain- and loss-of-function experiments in differen-
tiated ICP2 cells. Excessive ACSL1 expression induced 
a significant increase in intracellular lipid droplet accu-
mulation, as determined by Oil Red O and Nile red 
fluorescent staining assays (Fig. 10A–C). Moreover, intra-
cellular triglyceride and acetyl-CoA levels were signifi-
cantly increased upon ACSL1 stimulation (Fig. 10D and 
E). Accordingly, intracellular lipid droplet accumulation 

and triglyceride and acetyl-CoA levels were significantly 
lower in the siACSL1 knockdown group than in the 
siNC control group (Fig.  10F–J). These results indicate 
that ACSL1 facilitates the adipogenic differentiation of 
abdominal preadipocytes in chickens.

CircDOCK7 augments adipogenesis via acting as a ceRNA 
of gga‑miR‑301b‑3p to activate the ACSL1 gene
Based on the interaction of gga-miR-301b-3p with circ-
DOCK7 and ACSL1, we suggested that circDOCK7 

Fig. 7 Validation of the ACSL1 gene as a direct target of gga-miR-301b-3p. A Schematic diagram of the genomic location of gga-miR-301b-3p. 
The sequences encoding the precursor gga-miR-301b-3p are shown, with the mature gga-miR-301b-3p sequences highlighted in red. B 
Complementary sequences of gga-miR-301b-3p and the 3′ UTR of the ACSL1 gene of different species. The seed region of gga-miR-301b-3p is 
highlighted in red; potential gga-miR-301b-3p-binding sites in the 3′ UTR of the ACSL1 gene are shown in blue. C Construction of dual-luciferase 
reporter vectors for the validation of gga-miR-301b-3p targeting the ACSL1 gene. WT: wild-type vector; mut: mutant vector; hRluc: Renilla luciferase; 
hluc + : firefly luciferase. D Validation of the interaction between gga-miR-301b-3p and the 3′ UTR of the ACSL1 gene by a dual-luciferase reporter 
assay in 293 T cells and DF1 cells. E Relative ACSL1 mRNA expression in gga-miR-301b-3p-overexpressing and -knockdown proliferative chicken 
abdominal preadipocytes. The relative gene expression levels are shown as fold changes compared with that in the agomir NC and antagomir 
NC groups, respectively. The same below. F Relative ACSL1 mRNA expression in gga-miR-301b-3p-overexpressing and -knockdown differentiated 
chicken abdominal preadipocytes. *P < 0.05, **P < 0.01
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might affect the abdominal adipogenesis via severing as 
a “miRNA sponge” of gga-miR-301b-3p to regulate the 
ACSL1 gene in chickens. To verify this, ICP2 cells were 
co-transfected with siNC + antagomir NC, siNC + miR-
301b-3p antagomir, sicircDOCK7 + antagomir NC, and 
sicircDOCK7 + miR-301b-3p antagomir. At 48  h post-
transfection, we determined ACSL1 mRNA expression 
and found that the miR-301b-3p antagomir-induced 
increase in ACSL1 mRNA expression was rescued by 
circDOCK7 knockdown, and the inhibitory role of circ-
DOCK7 knockdown on ACSL1 mRNA expression was 
alleviated by miR-301b-3p antagomir (Fig.  11A), indi-
cating that circDOCK7 could act as a ceRNA of gga-
miR-301b-3p to post-transcriptionally regulate the 
downstream target ACSL1. Subsequently, we analyzed 
the cell proliferation of chicken abdominal preadipocytes 
and found that it was significantly suppressed by circ-
DOCK7 knockdown, as evidenced by the CCK8 and EdU 
assays, which was abolished after supplemental treat-
ment with gga-miR-301b-3p antagomir. Additionally, 

the gga-miR-301b-3p-silence-mediated promotion of the 
proliferation of chicken abdominal preadipocytes was 
abrogated following supplemental circDOCK7 knock-
down (Fig. 11B–D).

ICP2 cells were co-transfected with pLC5-ciR + miR-
301b-3p agomir NC, pLC5-ciR + miR-301b-3p ago-
mir, oe-circDOCK7 + miR-301b-3p agomir NC, and 
oe-circDOCK7 + miR-301b-3p agomir. At 48  h post-
transfection, we detected ACSL1 mRNA expression and 
found that circDOCK7 overexpression promoted ACSL1 
mRNA expression in differentiated chicken abdominal 
preadipocytes, whereas this effect was abolished by miR-
301b-3p agomir. In addition, the suppression of ACSL1 
mRNA expression caused by the miR-301b-3p agomir 
was rescued by circDOCK7 overexpression (Fig.  11E). 
Meanwhile, circDOCK7 overexpression reversed miR-
301b-3p overexpression-mediated inhibition of intracel-
lular lipid droplet accumulation as well as reduction in 
intracellular triglyceride and acetyl-CoA levels, and vice 
versa (Fig. 11F–H). Taken together, these results illustrate 

Fig. 8 Subcellular localization and expression profiles of chicken ACSL1 protein. A Subcellular localization of ACSL1 in chicken abdominal 
preadipocytes. MT represents mitochondrion. ER represents endoplasmic reticulum. Cell nuclei were stained with DAPI. B Tissue expression pattern 
of the ACSL1 gene in chickens with high and low abdominal fat percentage. C and D Expression pattern of ACSL1 during the proliferation and 
adipogenic differentiation of chicken abdominal preadipocytes. *P < 0.05, **P < 0.01
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that the gga-miR-301b-3p/ACSL1 axis is required for 
the function of circDOCK7, and circDOCK7 could aug-
ment chicken abdominal adipogenesis in vitro by acting 
as a ceRNA, competitively adsorbing gga-miR-301b-3p to 
sequester it away from the ACSL1 gene, thus post-tran-
scriptionally activating ACSL1 gene expression.

Discussion
Abnormal or excessive abdominal fat deposition is of tre-
mendous concern owing to the worldwide prevalence of 
obesity and obesity-associated escalating health burdens, 
such as type 2 diabetes, dyslipidemia, hypertension, car-
diovascular disease, and even cancers. In commercial 
broilers, abdominal fat is an imperative carcass trait, 
and its excessive accumulation is often discarded as a 
waste of feed energy, which increases their tendency 
toward physiological disorders and presents an obstacle 
to profitable farming. Despite substantial research efforts 
aimed at characterizing the genetic regulation of obesity 
and adipogenesis, the molecular mechanisms underly-
ing abdominal fat deposition remain largely unknown in 
mammals and economically important agricultural avian 
species, especially chickens. CircRNAs are ubiquitous 

across eukaryotes and have been increasingly implicated 
as master regulators of mammalian adipogenesis [41, 42]. 
A number of circRNAs have been reported to share high 
evolutionary conservation among closely related species, 
even distantly related species [43]. Chicken (Gallus gal-
lus) has been used as a good biomedical model organism 
to study the basic mechanisms of adipogenesis, obesity, 
and obesity-related diseases [44] and is suitable for inves-
tigating the circRNA-mediated biological functions and 
regulatory mechanisms underlying adipogenesis, which 
can produce useful comparative information for human 
obesity studies and also provide a promising biomarker 
associated with abdominal fat deposition for lean-line 
broiler breeding.

Abdominal fat deposition depends on the proliferation 
of preadipocytes and their maturation into adipocytes, 
during which an increase in lipid (mainly triglycerides) 
synthesis in adipocytes is a hallmark of adipogenic dif-
ferentiation compared to preadipocytes. Our previous 
study based on circRNA sequencing found that circR-
NAs were abundant and dynamically expressed during 
abdominal preadipocyte differentiation in chickens [27]. 
Among these, an exonic circRNA, circDOCK7, exhibited 

Fig. 9 Effects of ACSL1 gene expression on the proliferation of chicken abdominal preadipocytes. A and B CCK8 assay of ACSL1-overexpressing and 
-knockdown chicken abdominal preadipocytes. C and D Proliferation of ACSL1-overexpressing and -knockdown chicken abdominal preadipocytes 
determined by EdU assay. E and F Flow-cytometric cell cycle analysis of ACSL1-overexpressing and -knockdown chicken abdominal preadipocytes. 
G and H Glucose uptake capacity of ACSL1-overexpressing and -knockdown chicken abdominal preadipocytes. *P < 0.05, **P < 0.01
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a gradual increase in expression in abdominal adipocytes 
at different adipogenic differentiation stages, suggesting 
that circDOCK7 may play a crucial role in the positive 
regulation of adipogenesis in chickens. Backsplicing junc-
tion verification, RNase R treatment, and actinomycin 
D treatment confirmed that circDOCK7 is more stable 
than its linear counterpart, in agreement with the circu-
lar characteristics of circRNAs owing to their closed-loop 
structure, RNA exonuclease resistance, and longer half-
lives [6, 45]. Our expression pattern analysis also dem-
onstrated that circDOCK7 exhibited an overall increase 

in expression during the proliferation and differentiation 
of chicken abdominal preadipocytes. Moreover, circ-
DOCK7 was most abundantly expressed and significantly 
upregulated in the abdominal fat tissues of chickens with 
a high abdominal fat percentage compared to that of 
chickens with a low abdominal fat percentage. Consistent 
with this, our in vitro gain- and loss-of-function experi-
ments confirmed that circDOCK7 not only enhanced 
the proliferation of chicken abdominal preadipocytes, 
but also increased adipocyte lipid droplet accumulation 
and triglyceride, and acetyl-CoA content, in parallel with 

Fig. 10 Effects of ACSL1 gene expression on the adipogenic differentiation of chicken abdominal preadipocytes. A and B Representative images of 
Oil Red O staining and Nile red fluorescent staining of ACSL1-overexpressing differentiated chicken abdominal adipocytes. C Detection of the lipid 
droplet content of ACSL1-overexpressing differentiated chicken abdominal adipocytes. D and E Intracellular triglyceride and acetyl-CoA levels of 
ACSL1-overexpressing differentiated chicken abdominal adipocytes. F and G Representative images of Oil Red O staining and Nile red fluorescent 
staining of ACSL1-knockdown differentiated chicken abdominal adipocytes. H Detection of the lipid droplet content of ACSL1-knockdown 
differentiated chicken abdominal adipocytes. I and J Intracellular triglyceride and acetyl-CoA levels of ACSL1-knockdown differentiated chicken 
abdominal adipocytes. *P < 0.05, **P < 0.01
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the mRNA abundance of PPARγ and CEBPα, two crucial 
determinants necessary and sufficient for adipocyte dif-
ferentiation [46]. These results indicate that circDOCK7 
serves as an accelerator of adipogenesis, resulting in the 
proliferation and differentiation of abdominal preadipo-
cytes in chickens.

Once produced, circRNAs are either released into the 
cytoplasm or retained inside the nucleus, and exonic 
circRNAs predominantly localize to the cytoplasm 
[47]. Consistent with this, circDOCK7 is an exonic cir-
cRNA harboring three exons derived from DOCK7 and 
is mainly located in the cytoplasm of chicken abdominal 
preadipocytes. It has been proposed that the back-splic-
ing of exons could compete against linear mRNA splicing 
during transcription; therefore, exonic circRNA biogene-
sis can completely alter the expression of their linear gene 
product [48]. Recent studies have also demonstrated the 
activity of some exonic circRNAs as protein recruiters 
that recruit specific proteins to certain loci or subcellular 
compartments, eventually influencing gene expression 

[49]. A case in point is that a novel circular RNA consist-
ing of exons 4–2-3 of the friend leukemia virus integra-
tion 1 (FLI1) gene, referred to as FECR1, could recruit 
ten-eleven translocation methylcytosine dioxygenase 1 
(TET1), a demethylase that is actively involved in DNA 
demethylation, to the promoter region of its host FLI1 
gene, leading to DNA hypomethylation of CpG islands 
and active cis transcription of the FLI1 gene, thus regu-
lating the metastasis of breast cancer cells [50]. Circ-
DOCK7 is derived from the backsplicing of exons 19–22 
of its parental DOCK7 gene. DOCK7 gene encoded a 
guanine nucleotide exchange factor for the Rho family 
of GTPases and has been used for type 2 diabetic obese 
model mice [51]. It was reported that DOCK7 gene poly-
morphism was dramatically associated with serum lipid 
levels including triglyceride, total cholesterol, low-den-
sity lipoprotein cholesterol, apolipoprotein B in humans 
[52, 53]. In the present study, the DOCK7 gene exhib-
ited no significant change during adipogenic differen-
tiation of chicken abdominal preadipocytes according to 

Fig. 11 circDOCK7 augments adipogenesis in a gga-miR-301b-3p-dependent manner. A Relative expression of the ACSL1 gene in proliferative 
chicken abdominal preadipocytes co-transfected with sicircDOCK7 and miR-301b-3p antagomir. The relative gene expression levels are shown 
as fold changes compared with that in the siNC + antagomir NC group. B–D CCK8 and EdU staining assays in proliferative chicken abdominal 
preadipocytes co-transfected with sicircDOCK7 and miR-301b-3p antagomir. E Relative expression of the ACSL1 gene in differentiated chicken 
abdominal preadipocytes co-transfected with circDOCK7 overexpression vector and miR-301b-3p agomir. The relative gene expression levels are 
shown as fold changes compared with that in the pLC5-ciR + agomir NC group. F–H Intracellular lipid droplet accumulation and triglyceride and 
acetyl-CoA levels in differentiated chicken abdominal adipocytes co-transfected with circDOCK7 overexpression vector and miR-301b-3p agomir.  
*P < 0.05, **P < 0.01. a–cMeans with different lowercase letters indicate significant difference (P < 0.05)
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our published RNA sequencing data (accession number: 
PRJNA732104) [27]. There is no significant expression 
correlation between the expression levels of circDOCK7 
and DOCK7 gene during adipogenic differentiation 
of chicken abdominal preadipocytes. Importantly, the 
DOCK7 expression levels were not significantly changed 
upon circDOCK7 overexpression or knockdown in either 
proliferative or differentiated chicken abdominal preadi-
pocytes. Taken together, these results suggest almost no 
potential for impairing circDOCK7 on chicken abdomi-
nal adipogenesis by transcriptional regulation of its 
parental DOCK7 gene, at least via competition with lin-
ear splicing and protein recruitment.

Although circRNAs were originally believed to be 
untranslatable owing to their lack of essential elements 
containing a 5′ cap and 3’ poly(A) tail for canonical cap-
dependent translation initiation, it has been reported 
that some exonic circRNAs are equipped with an ORF. 
Accumulating evidence has shown that circRNAs are 
associated with ribosomes, confirming the authenticity 
of circRNA-translated functional peptides or proteins in 
mammalian cells [49, 54]. The translation of circRNAs 
is driven by an IRES element, which is a cis-acting RNA 
sequence, or  m6A RNA modification, which is a post-
transcriptional methylation modification that involves 
the addition of a methyl group to the N6 position of 
RNA adenosine, both of which can recruit the internal 
entry of small ribosomal subunits in eukaryotic cells to 
initiate translation [55]. To explore whether circDOCK7 
can be translated into peptides or proteins, we carried 
out a bioinformatics analysis of ORF, IRES elements, and 
 m6A modification based on the circDOCK7 sequence. 
However, despite the presence of an IRES element and 
two  m6A modification sites, no ORF was detected in the 
sequence of circDOCK7, leading us to speculate that 
circDOCK7 has almost no translational capacity.

In addition, extensive evidence has supported the 
ceRNA hypothesis that cytoplasmic exonic circRNAs 
function as miRNA sponges or decoys that competitively 
adsorb miRNAs to protect target mRNAs from miRNA-
dependent degradation, thereby modulating post-tran-
scriptional regulation in various biological processes. 
miRNAs constitute a subclass of 18–25-nucleotide 
endogenous single-stranded non-coding RNAs and have 
been implicated in the regulation of mammalian and 
avian adipogenesis, thereby gaining prominence as key 
oncogenic drivers [56, 57]. Some circRNAs have been 
reported to act as miRNA sponges that participate in 
mammalian adipogenesis, such as circSAMD4A [14], 
CDR1as [16], circFUT10 [58], sus_circPAPPA2 [19] and 
circPPARA [20]. CircRNAs were indeed expressed in 
abdominal fat tissues and adipocytes, and the ceRNA 
network comprising circRNAs, miRNAs, and mRNAs 

indicated that circRNAs may play regulatory roles in 
abdominal adipogenesis by interacting with one or more 
miRNAs to prevent them from executing their regulatory 
roles [24–27]. A sequence analysis revealed the presence 
of multiple predicted miRNA response elements in circ-
DOCK7, which inspired us to explore the ceRNA regula-
tory mechanism of circDOCK7 underlying chicken 
abdominal fat deposition. Among these, gga-miR-
301b-3p was validated as directly binding to circDOCK7 
based on a pull-down assay and a dual-luciferase reporter 
assay. Moreover, circDOCK7 knockdown remarkably 
upregulated gga-miR-301b-3p expression in proliferative 
and differentiated chicken abdominal preadipocytes, 
confirming that circDOCK7 serves as a molecular sponge 
to adsorb gga-miR-301b-3p. The seed region of gga-miR-
301b-3p is conserved among human, mouse, chimp, pig 
and cow, indicating a similar contribution to adipogene-
sis in mammals and chickens. In this study, gga-miR-
301b-3p was significantly downregulated in abdominal 
fat tissues and showed an overall decreased expression 
level following the proliferation and adipogenic differen-
tiation of chicken abdominal preadipocytes, which was 
strongly negatively correlated with circDOCK7, suggest-
ing the involvement of gga-miR-301b-3p in abdominal 
adipogenesis in chickens. In this study, we demonstrated 
that chicken abdominal preadipocyte proliferation, adi-
pocyte lipid droplet accumulation, and triglyceride and 
acetyl-CoA content were significantly decreased upon 
gga-miR-301b-3p stimulation but significantly increased 
upon gga-miR-301b-3p silencing, demonstrating that 
gga-miR-301b-3p served as an inhibitor of adipogenesis 
in chickens, in contrast to the role of circDOCK7. Strik-
ingly, these inhibitory effects of gga-miR-301b-3p on the 
proliferation and adipogenic differentiation of chicken 
abdominal preadipocytes could be relieved by circ-
DOCK7, and thus the enhanced effects of circDOCK7 
could be abolished by miR-301b-3p. These results further 
suggested that circDOCK7 could serve as a modulator of 
abdominal adipogenesis by sponging gga-miR-301b-3p in 
chickens.miRNAs function as regulatory molecules that 
recognize 3′ UTRs of protein-coding genes to post-tran-
scriptionally trigger their cleavage or translational repres-
sion [59]. Therefore, we predicted major targets of 
gga-miR-301b-3p and confirmed ACSL1 gene as a direct 
target of gga-miR-301b-3p. Meanwhile, ACSL1 mRNA 
abundance was suppressed by gga-miR-301b-3p overex-
pression and enhanced by gga-miR-301b-3p knockdown. 
Strikingly, the inhibitory effects of gga-miR-301b-3p on 
the post-transcriptional expression of ACSL1 were 
relieved by circDOCK7 in both proliferative and differen-
tiated chicken abdominal preadipocytes, and the above-
mentioned promoted role of circDOCK7 in ACSL1 
mRNA expression was abolished by gga-miR-301b-3p, 
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indicating that circDOCK7 could serve as a ceRNA to 
sponge gga-miR-301b-3p and prevent ACSL1 gene from 
gga-miR-301b-3p-mediated mRNA degradation, thereby 
post-transcriptionally upregulating ACSL1 expression. 
Notably, the ACSL1 gene belongs to the ACSL gene fam-
ily that is responsible for catalyzing the conversion of 
exogenous or endogenous long-chain fatty acids by adi-
pose cells into acyl coenzyme A (acyl-CoA), which 
undergoes β-oxidation in the mitochondrial matrix for 
the formation of acetyl-CoA, a raw lipid synthesis pre-
cursor that can then be incorporated into triglycerides, 
phospholipids, and cholesteryl esters, and has been 
proven to be at the critical juncture of de novo lipid syn-
thesis and β-oxidation degradation [60]. ACSL1 has been 
identified as a dominant ACSL isoform, owing to its 80% 
contribution to the total ACSL activity in the adipose tis-
sue, and preferentially utilizes palmitoleate, oleate, and 
linoleate as substrates [61, 62]. The ACSL1 gene showed 
the highest mRNA abundance in adipose tissue of mam-
mals and Chinese indigenous Lushi blue-shell-egg chick-
ens [63], which is in agreement with the finding of our 
present study that ACSL1 is most abundantly expressed 
in the adipose tissue of commercial broilers. In addition, 
in  vivo and in  vitro expression patterns showed a note-
worthy increase in ACSL1 gene expression in the abdom-
inal fat of chickens with high abdominal fat percentage 
and during the proliferation and adipogenic differentia-
tion of chicken abdominal preadipocytes in a time-
dependent manner. Moreover, ACSL1 has been reported 
to be localized in the mitochondrial membrane, plasma 
membrane, and endoplasmic reticulum of mammalian 
adipocytes [64]. The endoplasmic reticulum is a major 
“lipid factory” organelle where lipids are synthesized, 
assembled, and transported. Mitochondria are crucial 
sites for free fatty acid β-oxidation and glycolysis and can 
import certain proteins and lipids to maintain cell sur-
vival [65]. Our subcellular localization analysis also 
showed that chicken ACSL1 was localized in the endo-
plasmic reticulum and mitochondria in chicken abdomi-
nal preadipocytes. Functionally, the adipose-specific 
ACSL1 knockout mice exhibited a 50%–90% lower fatty 
acid oxidation rate in adipocytes isolated than that in 
control adipocytes [61]. In adipocytes differentiated from 
mesenchymal stem cells of neonates born small for gesta-
tional age, both the mRNA and protein abundance of the 
ACSL1 gene consistently increased during adipogenesis, 
in parallel with enhanced glucose uptake and total lipid 
content, and ACSL1 deficiency impeded lipid loading and 
reduced glucose uptake [66]. Despite this evidence con-
cerning the importance of ACSL1 in mammalian adipo-
genesis, little is known about the role of ACSL1 in avian 
adipogenesis. Consequently, we first detected the effects 
of ACSL1 gene on the proliferation and adipogenic 

differentiation of chicken abdominal preadipocytes using 
gain- and loss-of-function assays and found that the 
overexpression of ACSL1 gene contributed to a signifi-
cant increase in proliferation concomitant with their 
maturation into adipocytes, characterized by increased 
intracellular lipid droplet accumulation and triglyceride 
and acetyl-CoA levels, and vice versa. During cell prolif-
eration, proliferating cells often display enhanced uptake 
of glucose, an energy source for ATP generation, as well 
as an important carbon source to support the production 
of lipids and biosynthesis of nucleotides and non-essen-
tial amino acids to produce daughter cells. Heavy con-
sumption of glucose is essential for nucleotide 
biosynthesis and successful replicative cell division for 
cancer cell growth [67]. It has been reported that low glu-
cose could induce cell cycle G1 arrest to inhibit the pro-
liferation of human endometrial cancer cell lines [68]. 
Likewise, our results showed that ACSL1 improved the 
glucose uptake capacity of proliferating chicken abdomi-
nal preadipocytes. Therefore, we concluded that the 
ACSL1 gene could serve as a fundamental contributing 
factor in abdominal fat deposition by facilitating the pro-
liferation, at least by promoting glucose uptake capacity, 
and adipogenic differentiation of abdominal preadipo-
cytes in chickens.

New insights have been gained regarding the direct 
RNA-RNA interactome mediated by circRNAs to regu-
late the biogenesis and function of RNA molecules 
other than miRNAs, such as long non-coding RNAs and 
mRNAs, to influence their stability, translation, and local-
ization [69]. A recent study concerning the interaction of 
exonic circRNA with mRNA reported that loop-hairpins 
were required for the circRNA-mRNA interactome, and 
an immune cell-associated circRNA circPan3 could pro-
mote the mRNA expression of the interleukin 13 recep-
tor subunit alpha 1 (IL-13Rα1) gene upon facilitation 
of its mRNA stability through direct interaction with 
IL-13Rα1 mRNA [70]. RNA secondary structure pre-
diction based on the circDOCK7 sequence showed that 
circDOCK7 also has a loop-hairpin structure. Therefore, 
we speculated that circDOCK7 might directly interact 
with key genes involved in lipid metabolism to modulate 
their stability, localization, and/or expression, and con-
sequently regulate abdominal fat deposition in chickens, 
which needs to be further investigated.

Conclusions
In conclusion, a cytoplasmic exonic circDOCK7 could 
function as a miRNA sponge that directly sequesters 
gga-miR-301b-3p away from the ACSL1 gene to post-
transcriptionally promote ACSL1 mRNA expression, sub-
sequently facilitating the proliferation and differentiation 
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of abdominal preadipocytes in chickens (Fig. 12). To the 
best of our knowledge, this is the first study to provide 
strong evidence that circRNAs involved in abdomi-
nal fat deposition act as miRNA sponges in chickens, 
shedding new light on regulatory mechanisms in avian 
adipogenesis.
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