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Abstract: Transfer RNA-derived small RNAs (tsRNAs) are novel regulatory small non-coding RNAs
that have been found to modulate many life activities in recent years. However, the exact functions
of tsRNAs in follicle development remain unclear. Follicle development is a remarkably complex
process that follows a strict hierarchy and is strongly associated with reproductive performance in
ducks. The process of converting small yellow follicles into hierarchal follicles is known as follicle
selection, which directly determines the number of mature follicles. We performed small RNA
sequencing during follicle selection in ducks and identified tsRNA-00764 as the target of interest
based on tsRNA expression profiles in this study. Bioinformatics analyses and luciferase reporter
assays further revealed that peroxisome proliferator-activated receptor-γ (PPAR-γ) was the target
gene of tsRNA-00764. Moreover, tsRNA-00764 knockdown promoted estrogen and progesterone
synthesis and lipid deposition in duck granulosa cells, while a PPAR-γ inhibitor reversed the above
phenomenon. Taken together, these results demonstrate that tsRNA-00764, differentially expressed
in pre-hierarchal and hierarchy follicles, modulates estrogen and progesterone synthesis and lipid
deposition by targeting PPAR-γ in duck granulosa cells, serving as a potential novel mechanism of
follicle selection. Overall, our findings provide a theoretical foundation for further exploration of the
molecular mechanisms underlying follicle development and production performance in ducks.

Keywords: transfer RNA-derived small RNAs (tsRNAs); follicle selection; duck granulosa cells;
progesterone synthesis; estrogen synthesis; lipid deposition

1. Introduction

The ovary is an important reproductive organ which is responsible for follicular
development and hormone secretion in poultry [1]. Ovarian follicles serve as basic and
non-renewable reproductive units, consisting of an oocyte and surrounding granulosa
and theca cells [2]. Follicle development in poultry mainly involves quiescent primordial
follicles, slow-growing pre-hierarchal follicles, and hierarchical follicle stages. The process
of selecting an optimal follicle from small yellow follicles for development into hierarchal
follicles is called follicle selection [3]. Follicle selection determines the number of mature
follicles and ultimately affects reproductive performance [4].

Follicle selection is a remarkably complex, carefully orchestrated process that requires
constant communication between the oocyte and its neighboring granulosa cells [5]. Gran-
ulosa cells, as an important part of the follicle, are responsible for maintaining the follicle’s
formation [6]. Granulosa cell differentiation and steroid hormone secretion are the hall-
mark characteristics of follicle selection in poultry, along with the elevated expression of
steroid-related genes, such as cytochrome P450 family 19 subfamily A member 1 (CYP19A1)
and steroidogenic acute regulatory protein (STAR) [7]. Steroid hormones are derived from
cholesterol synthesis and are modulated by lipid metabolism. Peroxisome proliferator-
activated receptor-γ (PPAR-γ), ATP-citrate lyase (ACLY), stearoyl-CoA desaturase (SCD),
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and fatty acid synthase (FASN) are important enzymes in the de novo lipogenesis path-
way and participate in the regulation of follicular development in humans, mice, bovines,
chickens, and geese [8–10].

There are significant differences between pre-hierarchal and hierarchical follicles,
and several studies have demonstrated that non-coding RNAs, including microRNAs
(miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs), are in-
volved in follicle selection [11–13]. For instance, miR-22-3p targets phosphatase tensin
homolog (PTEN) to activate the PI3K/Akt/mTOR pathway in chicken hierarchical fol-
licles, thereby promoting granulosa cell proliferation, steroid hormone secretion, and
lipid accumulation [14]. Long non-coding RNA13814 promotes the apoptosis of duck
granulosa cells by binding to apla-mir-145-4 and enhances DNA damage-inducible tran-
script 3 (DDIT3) expression, leading to the prevention of the development of hierarchical
follicles [15]. The low expression of circRALGPS2-212aa inhibits follicle atresia and pro-
motes pre-hierarchal development in chickens by forming a complex with poly ADP-ribose
polymerase 1 (PARP1) and high mobility group box 1 (HMGB1) [16]. tRNA-derived small
RNAs (tsRNAs) are newly discovered small non-coding RNAs that derive from tRNAs
precursors or mature tRNAs [17]. Notably, several studies have revealed that tsRNAs
have similar mechanisms to miRNAs, which bind to the 3′-UTR of mRNA and regulate
its expression at the post-transcriptional level [18,19]. Furthermore, tsRNAs participate in
multiple biological processes, such as oncologic disorders, stress responses, fat deposition,
spermatogenesis, and embryonic development [18]. However, the exact roles of tsRNAs in
follicle development remain unclear.

In this study, we compared the tsRNA expression accumulation profiles in duck
granulosa cells of pre-hierarchal and hierarchical follicles using high-throughput RNA-seq.
Moreover, we demonstrated that tsRNA-00764 suppressed estrogen and progesterone
synthesis and lipid deposition by targeting PPAR-γ in duck granulosa cells, which could
block the transition from pre-hierarchal follicles to hierarchical follicles. Our work aims
to confirm the molecular mechanism by which differentially expressed tsRNAs modulate
follicle selection and provide a novel insight into the regulation of production performance
in ducks.

2. Results
2.1. Accumulation Characteristics of tsRNAs in Duck Follicles

A total of 843 tsRNAs, mainly 27–32 nucleotides in length, were identified in pre-
hierarchal and hierarchical follicles based on the duck genomic sequence using high-
throughput sequencing (Figure 1A,B). Among nine different tsRNA subtypes, the per-
centage of tRF-5c was the highest, but the percentage of tiRNA-3 was lowest in both
pre-hierarchal and hierarchical follicles (Figure 1C–E). Indeed, these tsRNAs were obtained
from 44 tRNA subtypes, of which tRNA-Lys-CTT (6.70%) generated the most tsRNAs
(Figure 1F). Analysis of the different types of tsRNAs revealed that 44 tRNA isoforms
were aminoacylated by 20 amino acids, with 5 each of tRNA-Arg and tRNA-Leu, 3 each of
tRNA-Gly, tRNA-Val, tRNA-Thr, tRNA-Ser, tRNA-Ala, and tRNA-ILe, 2 each of tRNA-Lys,
tRNA-Glu, tRNA-Gln, and tRNA-Pro, and 1 each of tRNA-Cys, tRNA-Met, tRNA-Asp,
tRNA-Tyr, tRNA-Asn, tRNA-Phe, tRNA-His, and tRNA-Trp (Figure 1G).
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Figure 1. The type and source of tsRNAs in duck follicles. (A) A Venn diagram showing the number 
of tsRNAs expressed in pre-hierarchal and hierarchical follicles; (B) the length distribution of tsR-
NAs in pre-hierarchal and hierarchical follicles; (C) a schematic diagram of tsRNA classifications; 
(D,E) the percentage of each type of tsRNA in pre-hierarchal (D) and hierarchical (E) follicles; (F) 
the source of tsRNAs in pre-hierarchal and hierarchical follicles; (G) the number and species of 
tRNAs that generated tsRNAs. 

2.2. Differentially Expressed tsRNAs and mRNAs Between Pre-Hierarchal and  
Hierarchical Follicles 

We identified 84 tsRNAs that were differentially expressed between pre-hierarchal 
and hierarchical follicles, with 43 up-regulated and 41 down-regulated (|log2Fc| > 1 and 
p < 0.05) (Figure 2A, Table S1). Additionally, there were 1780 mRNAs up-regulated and 
1433 mRNAs down-regulated in hierarchical follicles (|log2Fc| > 1 and p < 0.05) (Figure 
2B, Table S2). The 20 most significantly differentially expressed tsRNAs and mRNAs are 
shown in the heatmap (Figure 2C,D), and 6 randomly selected tsRNAs and mRNAs were 
validated using quantitative RT-PCR (Figure 2E,F). We identified 1425 overlapping ex-
pressed genes in the targets of the top 10 most highly differentially expressed tsRNAs and 
differentially expressed mRNAs through overlap analysis (Figure 2G). A Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis demonstrated that overlapping genes were 
mostly enriched in ECM–receptor interaction, RNA polymerase, PPAR signaling 

Figure 1. The type and source of tsRNAs in duck follicles. (A) A Venn diagram showing the number
of tsRNAs expressed in pre-hierarchal and hierarchical follicles; (B) the length distribution of tsRNAs
in pre-hierarchal and hierarchical follicles; (C) a schematic diagram of tsRNA classifications; (D,E) the
percentage of each type of tsRNA in pre-hierarchal (D) and hierarchical (E) follicles; (F) the source
of tsRNAs in pre-hierarchal and hierarchical follicles; (G) the number and species of tRNAs that
generated tsRNAs.

2.2. Differentially Expressed tsRNAs and mRNAs Between Pre-Hierarchal and
Hierarchical Follicles

We identified 84 tsRNAs that were differentially expressed between pre-hierarchal
and hierarchical follicles, with 43 up-regulated and 41 down-regulated (|log2Fc| > 1 and
p < 0.05) (Figure 2A, Table S1). Additionally, there were 1780 mRNAs up-regulated and
1433 mRNAs down-regulated in hierarchical follicles (|log2Fc| > 1 and p < 0.05) (Figure 2B,
Table S2). The 20 most significantly differentially expressed tsRNAs and mRNAs are shown
in the heatmap (Figure 2C,D), and 6 randomly selected tsRNAs and mRNAs were validated
using quantitative RT-PCR (Figure 2E,F). We identified 1425 overlapping expressed genes
in the targets of the top 10 most highly differentially expressed tsRNAs and differentially
expressed mRNAs through overlap analysis (Figure 2G). A Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis demonstrated that overlapping genes were mostly enriched
in ECM–receptor interaction, RNA polymerase, PPAR signaling pathway, GnRH signaling
pathway, and fatty acid biosynthesis (Figure 2H). A Gene Ontology (GO) analysis showed
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that the overlapping genes were divided into different categories, including biological reg-
ulation, system development, cell migration, transmembrane transport, and RNA binding
for biological processes; cell periphery, membrane, extracellular matrix, and postsynapse
for cellular components; and transporter, molecular transducer activity, and organic acid
binding for molecular functions (Figure 2I).
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2.3. PPAR-γ Is the Target Gene of tsRNA-00764 
We selected 10 tsRNAs with common target genes from the differentially expressed 

tsRNAs and constructed a tsRNA-mRNA-GO term interaction network to explore their 
functions in follicle development (Figure 3A). The expression of tsRNA-00764 was 

Figure 2. Analysis of differentially expressed tsRNAs and mRNAs. (A,B) A volcano plot showing the
differentially expressed tsRNAs (A) and mRNAs (B) between pre-hierarchal and hierarchical follicles;
(C,D) the heat map reveals the top 20 differentially expressed tsRNAs (C) and mRNAs (D) between
pre-hierarchal and hierarchical follicles; (E,F) validation of differentially expressed tsRNAs (E) and
mRNAs (F) using RT-qPCR between pre-hierarchal and hierarchical follicles; (G) a Venn map of
the top 10 most highly differentially expressed tsRNA targets and differentially expressed mRNAs;
(H,I) KEGG (H) and GO (I) analysis of the overlapping genes in (G). * p < 0.05 and ** p < 0.01.

2.3. PPAR-γ Is the Target Gene of tsRNA-00764

We selected 10 tsRNAs with common target genes from the differentially expressed
tsRNAs and constructed a tsRNA-mRNA-GO term interaction network to explore their
functions in follicle development (Figure 3A). The expression of tsRNA-00764 was elevated
in pre-hierarchal follicles compared with hierarchical follicles. To investigate the underlying
mechanism of follicle selection, the potential targets of tsRNA-00764 were predicted using
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target gene prediction software (TargetScan (https://www.targetscan.org/ accessed on 29
January 2024) and miRDB (http://www.microrna.org/microrna/home.do accessed on 29
January 2024)). The KEGG analysis revealed that the target genes were enriched in RNA
degradation, lipid metabolism, and steroid hormone biosynthesis, including mTOR, WNT,
and FOXO signaling (Figure 3B). We found that 202 genes associated with lipid metabolism
processes were enriched via geneset enrichment analysis (GSEA) (Table S3). The Venn
diagrams revealed 10 genes including PPAR-γ in the GSEA lipid metabolism, miRDB,
and TargetScan results (Figure 3C). Furthermore, bioinformatics software showed the
presence of binding sites between tsRNA-00764 and PPAR-γ (Figure 3D). We constructed
wild-type (WT) and mutant (Mut) PPAR-γ luciferase reporter plasmids based on the
predicted target binding sites. The luciferase reporter assays indicated that the tsRNA-
00764 mimic decreased WT-PPAR-γ 3′UTR activity but had no effect on Mut-PPAR-γ
3′UTR, indicating that tsRNA-00764 bound to the PPAR-γ 3′UTR (* p < 0.05, Figure 3E). The
results demonstrate that the tsRNA-00764 mimic significantly inhibited PPAR-γ expression,
while the tsRNA-00764 inhibitor displayed the opposite effects (* p < 0.05, Figure 3F–H).
Collectively, our results reveal that PPAR-γ is the target gene of tsRNA-00764.
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of tsRNA-00764 target genes; (C) a Venn diagram of the target genes of tsRNA-00764 in the Target
scan, miRDB, and GSEA lipid metabolism; (D) the predicted binding site between PPAR-γ and
tsRNA-00764, and the red text represents binding sites of the tsRNA-00764 and PPAR-γ interaction
network; (E) the targeting relationship between PPAR-γ and tsRNA-00764 was measured by a dual-
luciferase assay; (F) the PPAR-γ mRNA expression level in duck granulosa cells after treatment with
the tsRNA-00764 mimic or the tsRNA-00764 inhibitor; (G) the PPAR-γ protein expression level in
duck granulosa cells after treatment with the tsRNA-00764 mimic or the tsRNA-00764 inhibitor;
(H) the quantification of the PPAR-γ protein level in (G). * p < 0.05.

2.4. tsRNA-00764 Suppresses Estrogen and Progesterone Synthesis and Lipid Deposition in Duck
Granulosa Cells

To further identify the functions of tsRNA-00764 in follicle development, we examined
estrogen and progesterone levels in duck granulosa cells after transfection with the tsRNA-
00764 mimic and inhibitor. We found that the concentration of estrogen and progesterone
was inhibited by the tsRNA-00764 mimic and promoted by the tsRNA-00764 inhibitor
(* p < 0.05, Figure 4A,B). To further explore the regulation of tsRNA-00764 in hormone
synthesis, we examined the expressions of steroid hormone synthesis-associated genes,
including cytochrome P450 family 19 subfamily A member 1 (CYP19A1) and steroidogenic
acute regulatory protein (STAR), using quantitative RT-PCR and Western blot in duck
granulosa cells. Indeed, tsRNA-00764 inhibited the expression of steroidogenic-related
genes (STAR and CYP19A1), suggesting that tsRNA-00764 suppressed steroid hormone
synthesis in duck granulosa cells (* p < 0.05, ** p < 0.01, Figure 4C–G). Oil Red O staining
demonstrated that the tsRNA-00764 mimic reduced lipid droplet accumulation, whereas
the tsRNA-00764 inhibitor promoted lipid droplet accumulation in duck granulosa cells
(* p < 0.05, ** p < 0.01, Figure 4H,I). The expression of lipid deposition-related genes, in-
cluding fatty acid synthase (FASN) and lipoprotein lipase (LPL), was decreased after
transfection with the tsRNA-00764 mimic, while the tsRNA-00764 inhibitor promoted the
expression of these genes (* p < 0.05, ** p < 0.01, Figure 4C–G). Thus, we concluded that
tsRNA-00764 represses estrogen and progesterone synthesis and lipid deposition in duck
granulosa cells.
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Figure 4. tsRNA-00764 inhibits estrogen and progesterone synthesis and lipid deposition in duck
granulosa cells. (A,B) The concentration of progesterone (A) and estrogen (B) in duck granulosa
cells after treatment with the tsRNA-00764 mimic or the tsRNA-00764 inhibitor; (C,D) the FASN,
CYP19A1, LPL, and STAR mRNA expression levels were detected by RT-qPCR in duck granulosa
cells transfected with the tsRNA-00764 mimic (C) or the tsRNA-00764 inhibitor (D); (E) the FASN,
CYP19A1, LPL, and STAR protein expression levels were detected by Western blot in duck granulosa
cells transfected with the tsRNA-00764 mimic or the tsRNA-00764 inhibitor; (F,G) the quantification
of the FASN, CYP19A1, LPL, and STAR protein levels in (E); (H) the accumulated lipid droplet was
measured by Oil Red O staining in duck granulosa cells transfected with the tsRNA-00764 mimic or
the tsRNA-00764 inhibitor (n = 4). Scale bar: 30 µm. (I) The quantification of the accumulated lipid
droplet in (H). * p < 0.05 and ** p < 0.01.

2.5. tsRNA-00764 Modulates Estrogen and Progesterone Synthesis and Lipid Deposition by
Targeting PPAR-γ in Duck Granulosa Cells

To investigate the functions of PPAR-γ, the PPAR-γ-overexpressed vector (pcDNA3.1-
PPAR-γ) and si-PPAR-γ were constructed and transfected into duck granulosa cells. The
concentration of progesterone and estrogen was elevated in PPAR-γ-overexpressed granu-
losa cells (pc-PPAR-γ) but was significantly reduced in si-PPAR-γ-treated cells (si-PPAR-γ)
(* p < 0.05, Figure 5A,B). PPAR-γ promoted the mRNA and protein level of steroidogenic-
related genes (STAR and CYP19A1) (* p < 0.05, Figure 5C–E). PPAR-γ knockdown pre-
vented the improvement in the estrogen and progesterone levels and the enhancement
of steroidogenic-related gene (STAR and CYP19A1) expression in tsRNA-00764 inhibitor-
treated cells (* p < 0.05, Figure 5A–E). In addition, PPAR-γ overexpression promoted the
expression of lipid deposition-related genes (FASN and LPL) (* p < 0.05, Figure 5C–E)
and accelerated lipid droplet accumulation in duck granulosa cells (* p < 0.05, ** p < 0.01,
Figure 5F–G), whereas the opposite results were found in si-PPAR-γ-treated cells. The
promotion of lipid droplet accumulation and lipid deposition-related gene (FASN and LPL)
expression by the tsRNA-00764 inhibitor was reversed after co-transfection with si-PPAR-γ
(* p < 0.05, ** p < 0.01, Figure 5F–G). These findings demonstrate that tsRNA-00764 sup-
presses estrogen and progesterone synthesis and lipid deposition by regulating PPAR-γ in
duck granulosa cells.
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PPAR-γ pathway in duck granulosa cells. (A,B) The concentration of progesterone (A) and estrogen 

Figure 5. tsRNA-00764 regulates estrogen and progesterone synthesis and lipid deposition via
the PPAR-γ pathway in duck granulosa cells. (A,B) The concentration of progesterone (A) and
estrogen (B) in pcDNA3.1-PPAR-γ-treated duck granulosa cells, PPAR-γ siRNA-treated duck granu-
losa cells, tsRNA-00764 inhibitor-treated duck granulosa cells, and tsRNA-00764 inhibitor + PPAR-γ
siRNA co-treated duck granulosa cells; (C) the FASN, CYP19A1, LPL, and STAR mRNA expression
level was detected by RT-qPCR in pcDNA3.1-PPAR-γ-treated duck granulosa cells, PPAR-γ siRNA-
treated duck granulosa cells, tsRNA-00764 inhibitor-treated duck granulosa cells, and tsRNA-00764
inhibitor + PPAR-γ siRNA co-treated duck granulosa cells; (D) the FASN, CYP19A1, LPL, and STAR
protein expression level was detected by Western blot in pcDNA3.1-PPAR-γ-treated duck granulosa
cells, PPAR-γ siRNA-treated duck granulosa cells, tsRNA-00764 inhibitor-treated duck granulosa
cells, and tsRNA-00764 inhibitor + PPAR-γ siRNA co-treated duck granulosa cells; (E) the quan-
tification of the FASN, CYP19A1, LPL, and STAR protein level in (D); (F) the accumulated lipid
droplet was measured by Oil Red O staining in pcDNA3.1-PPAR-γ-treated duck granulosa cells,
PPAR-γ siRNA-treated duck granulosa cells, tsRNA-00764 inhibitor-treated duck granulosa cells,
and tsRNA-00764 inhibitor + PPAR-γ siRNA co-treated duck granulosa cells (n = 4). Scale bar: 30 µm.
(G) The quantification of the accumulated lipid droplet in (F). * p < 0.05 and ** p < 0.01.
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3. Discussion

Follicle selection is a critical stage of follicle development in laying ducks which
is closely associated with production performance and fecundity [20]. Indeed, follicle
development follows a strict hierarchy in laying ducks [21]. Follicles rarely degenerate after
being selected for ovulation, and thus, the molecular mechanisms of development from
pre-hierarchal to hierarchical follicles have always been a research hotspot [22]. Multiple
studies have reported that non-coding RNAs, such as miRNAs, lncRNAs, and circRNAs,
are involved in follicle selection in poultry. tRNA-derived small RNAs (tsRNAs) are novel
regulatory non-coding small RNAs that participate in various physiological processes,
including oncologic disorders, stress responses, fat deposition, spermatogenesis, and
embryonic development [23–25]. Here, the exact roles of tsRNAs in follicle development
remain unclear. Therefore, we investigated the characteristics and functions of tsRNAs
and mRNAs in pre-hierarchal and hierarchical follicles, which may contribute to a better
understanding of the mechanisms of follicle development in ducks.

In this study, we demonstrated the tsRNA expression profiles during follicle selection
in ducks. We found that tsRNAs mainly ranged from 27 to 32 nucleotides and the type was
mostly tRF-5c in granulosa cells. Previous studies have revealed that tsRNAs can modu-
late gene expression at the post-transcriptional level by combining with argonaute (AGO)
proteins, and tsRNAs are important regulatory factors involved in many physiological
processes [26,27]. For instance, 5′tiRNA-Gly promotes muscle regeneration by targeting
TGFBR1 to activate an early inflammatory response [28]. tsRNA-1599 suppresses glycol-
ysis by increasing hexokinase 2 (HK2) expression in endothelial cells, thereby inhibiting
pathological ocular angiogenesis [29]. tRNA-Gln-TTG is highly expressed in ejaculated
spermatozoa and reduces the embryo cleavage rate by targeting YBX2 [30]. Herein, we
performed target gene prediction and functional enrichment analyses of the top 10 differen-
tially expressed tsRNAs. Our GO and KEGG analyses revealed the potential functions of
overlapping genes in the top 10 differentially expressed tsRNA targets and differentially
expressed mRNAs. Moreover, the tsRNA/mRNA/GO term interaction network revealed
that multiple networks of lipid metabolism, RNA degradation, and cell cycle interactions
might be regulated by tsRNAs during follicle selection in ducks.

Lipid metabolism is essential for follicle development and fecundity in poultry [31].
Increased lipid levels are a protective factor for folliculogenesis, which facilitates meiotic
resumption and fertilization [32]. Recent studies have shown that de novo lipogenesis, a
vital process in lipid metabolism, exists in geese at different follicle stages and promotes
granulosa cell proliferation and oocyte maturation [33]. Meanwhile, non-coding RNAs,
including miRNAs and lncRNAs, are involved in follicle development by modulating
lipid deposition in poultry. We found that tsRNA-00764 was differentially expressed in the
granulosa cells of pre-hierarchal and hierarchical follicles, and tsRNA-00764 suppressed
lipid droplet accumulation in duck granulosa cells. Furthermore, steroid hormones are
synthesized by granulosa cells during follicle selection in ducks [34,35]. Steroidogenesis is
a multi-step process in which cholesterol is converted to active steroid hormones through
several enzymatic reactions, and therefore, steroid hormone synthesis is closely related to
lipid metabolism [36]. In this study, we found that tsRNA-00764 inhibited the expression
of steroidogenic-related genes (STAR and CYP19A1) and reduced the concentration of
estrogen and progesterone. Overall, these results indicate that tsRNA-00764 suppresses
estrogen and progesterone synthesis and lipid deposition.

Peroxisome proliferator-activated receptor gamma (PPAR-γ) is a ligand-activated
nuclear hormone receptor that participates in steroid synthesis, lipid deposition, inflamma-
tory response, and autophagy [37–39]. Previous studies have shown that PPAR-γ is highly
expressed in goose granulosa cells and differentially expressed in F1 and F5 follicles [33].
Furthermore, the expression of PPAR-γ is significantly different in the small follicles and
preovulatory follicles of birds, suggesting that PPAR-γ is critical for regulating follicle
development [40,41]. In this study, the transcriptomic analysis confirmed that PPAR-γ
expression was higher in the hierarchical follicles than in the pre-hierarchal follicles of
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ducks. Additionally, our data showed that PPAR-γ promoted lipid droplet accumulation
and elevated the expression of lipid deposition-related genes (FASN and LPL). Recent
reports have also indicated that PPAR-γ activators and PPAR-γ overexpression improved
the level of estrogen and progesterone in porcine granulosa cells and bovine granulosa
cells [8]. Consistent with previous studies, we found that PPAR-γ enhanced the level of
estrogen and progesterone, and increased the expression of steroidogenic-related genes
(STAR and CYP19A1). In addition, we verified that PPAR-γ was the target gene of tsRNA-
00764 using bioinformatics analyses and a dual-luciferase reporter gene assay, and PPAR-γ
knockdown prevented the enhancement of estrogen and progesterone synthesis and lipid
deposition in tsRNA-00764 inhibitor-treated cells. Taken together, our results demonstrate
that tsRNA-00764 regulates estrogen and progesterone synthesis and lipid deposition by
targeting PPAR-γ in duck granulosa cells.

Overall, this study revealed the accumulation profiles of tsRNA expression by high-
throughput sequencing and identified 84 differentially expressed tsRNAs between pre-
hierarchal and hierarchical follicles in ducks. Specifically, the expression of tsRNA-00764
was higher in pre-hierarchal follicles than in hierarchical follicles. The combined regulatory
network and enrichment analyses indicated that tsRNA-00764 had a potential regulatory
role in lipid deposition during follicle selection in ducks. Furthermore, tsRNA-00764
regulated estrogen and progesterone synthesis and lipid deposition via PPAR-γ signaling
in duck granulosa cells, which might affect the transition from pre-hierarchal follicles to
hierarchical follicles (Figure 6). These findings will help us to better understand the role
of tsRNAs in follicle development and provide novel insights to explore the underlying
molecular mechanism of follicle development and production performance in ducks.
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4. Materials and Methods
4.1. Animals and Sample Collection

All methods and procedures of the animal experiments were maintained in strict ac-
cordance with the Animal Care Committee of the Hubei Academy of Agricultural Sciences
(Permit number: 41/2024).

A total of 10 healthy laying ducks (40 weeks) were acquired from the Poultry Breeding
Department at the Institute of Animal Science and Veterinary Medicine (Wuhan, China).
All ducks were housed under standardized conditions of light and temperature with food
ad libitum. The ducks were humanely sacrificed in the laboratory, with the granulosa layer
of each pre-hierarchal or hierarchical follicle separated from the theca layer as described
previously. The granulosa cells were then stored at −80 ◦C [42].

4.2. tsRNAs-seq Library Preparation and Sequencing

RNA was extracted from granulosa cells using TRIzol (Thermo Scientific, Waltham,
MA, USA), and RNA quality was assessed using Tape Station 2200 (Agilent Technologies,
Santa Clara, CA, USA). We first removed RNA modifications and constructed the small
RNA-seq libraries with the rtStar™ tRF and tiRNA Pretreatment Kit (AS-FS-005, Arraystar,
Rockville, MD, USA). Then, tsRNA sequencing and expression quantification were, re-
spectively, performed using NextSeq 500 (Illumina, San Diego, CA, USA) and Bioanalyzer
(Agilent Technologies, California, CA, USA) at Kangcheng Biological Company (Shang-
hai, China). The tsRNA nomenclature was obtained from AKsomics (Aksomics Biotech,
Shanghai, China).

4.3. Analysis of tsRNA Sequencing

The tsRNAs-seq and data analyses were performed according to the previously re-
ported method [43]. The clean reads were harvested by trimming adaptor sequences
and filtering low-quality reads. The expression profiling of tsRNAs was calculated by
mapping read counts and normalizing total tsRNA reads. Differentially expressed tsR-
NAs were identified with fold change (|log2Fc| > 1) and p-values (p < 0.05) by R pack-
age DEseq2 (version 1.22.1). The tsRNA target genes were identified using TargetScan
(https://www.targetscan.org/, accessed on 28 January 2024) and miRanda (http://www.
microrna.org/microrna/home.do, accessed on 29 January 2024). Finally, the detailed sys-
tematic analysis of differentially expressed genes was based on GO and KEGG analyses
using DAVID software (version 6.7).

4.4. mRNA Sequencing and Analysis

RNA sequencing was performed by Kangcheng Biological Company (Shanghai,
China). The mRNA sequencing libraries were generated using the Illumina HiSeq se-
quencing platform, and the libraries were analyzed using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). Differentially expressed genes were clustered
based on the RNA Adapters set1/set2 and were identified by fold change (|log2Fc| > 1)
and p-values (p-value < 0.05).

4.5. Cell Culture and Transfection

Granulosa cells were separated following a previously reported method [44] and were
cultured in M199 medium (11150059, Gibco, Waltham, MA, USA) containing 10% fetal
bovine serum (10099141C, Gibco, Waltham, MA, USA). The amplified fragments of the
coding sequences were cloned into pcDNA3.1(+). siRNAs, siRNA NC, mimics, mimic
NC, inhibitors, and inhibitor NC were constructed by the RiboBio Company (Guangzhou,
China). Cells were grown to 70% confluency and then transfected with plasmids, siRNAs,
mimics, or inhibitors using Lipofectamine™ 8000 (C0533FT, Beyotime, Shanghai, China)
or RNAiMAX (13778075, Invitrogen™, California, CA, USA). The final concentration of
mimics and inhibitors in each well was 30 nM, and the siRNAs in each well came to 25 nM.

https://www.targetscan.org/
http://www.microrna.org/microrna/home.do
http://www.microrna.org/microrna/home.do
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4.6. Luciferase Assay

The wild-type (WT) and mutant (Mut) sequence of PPAR-γ 3′UTR was cloned into
the pmirGLO vector to generate PPAR-γ luciferase reporter vectors. Then, mimic NC,
tsRNA mimic, pmirGLO-PPAR-γ-WT, and pmirGLO-PPAR-γ-Mut were co-transfected into
granulosa cells, and a dual-luciferase assay (Promega, Madison, WI, USA) was used to
determine the relative luciferase activity.

4.7. RNA Extraction and Quantitative RT-PCR Analyses of mRNA and tsRNA

Total RNA was harvested using an RNA extraction kit (LS1040, Promega), and the
quality and concentration of RNA were determined by using the NanoDrop 2000 spec-
trophotometer. For mRNA analyses, RNA was reverse-transcribed to cDNA using the
RevertAid RT Reverse Transcription Kit (K1691, Thermo Scientific, Waltham, MA, USA).
Quantitative RT-PCR was carried out by using the Roche LightCycler 480 instrument with
the Green Super Mix (172-5121, Bio-Rad, Munich, Germany). Quantification of the mRNA
level was calculated with the 2−∆∆Ct method after normalizing with GAPDH. The related
primers are listed in Table S4.

For tsRNA analyses, RNA was reverse-transcribed to cDNA using the miScript II RT
Kit (218161, Qiagen, Hilden, Germany). In a reverse transcription reaction with miScript
HiFlex Buffer, tsRNA was polyadenylated by using poly(A) polymerase and converted
into cDNA by using reverse transcriptase with a universal primer. Quantitative RT-PCR
was carried out using the iTaqTM Universal SYBR Green Super Mix (172-5121, Bio-Rad,
Hercules, CA, USA) and a Bio-Rad CFX384 system (Bio-Rad, Hercules, CA, USA) with
a specific forward primer and a universal reverse primer. The procedure of quantitative
RT-PCR was performed as follows: the temperature was regulated at 95 ◦C for 10 min,
followed by 40 cycles of 95 ◦C for 15 s, 60 ◦C for 20 s, and 72 ◦C for 20 s. Quantification of
the tsRNA level was calculated with the 2−∆∆Ct method after normalizing with U6. The
related primers are listed in Table S4.

4.8. Western Blot

The protein extracts (10–20µg/lane) were loaded on 10% SDS gels for electrophore-
sis and subsequently electro-transferred onto a PVDF membrane (ISEQ00010, Millipore,
Billerica, MA, USA) [45]. The transferred blots were blocked for 2 h at room temperature
and incubated with primary antibodies including FASN (200194, Zenbio, Chengdu, China;
1:3000), PPAR-γ (A11183, ABclonal, Wuhan, China; 1:1000), CYP19A1 (A12684, ABclonal,
Wuhan, China; 1:1000), ACTIN (AC028, ABclonal, Wuhan, China; 1:100000), LPL (R381844,
Zenbio, Chengdu, China; 1:1000), STAR (A1035, ABclonal, Wuhan, China; 1:1000), and
secondary antibodies. The signals were detected using the ECL Substrate Kit (170-5061, Bio-
Rad, Hercules, CA, USA) and analyzed using the ChemiDocMPImaging System (Bio-Rad,
Hercules, CA, USA) with ImageJ Software (version 2.0.0).

4.9. Oil Red O Staining of Lipid Droplet

After washing with PBS, granulosa cells were fixed with 4% paraformaldehyde at
room temperature for 20 min. Granulosa cells were rinsed with isopropanol for 10 min and
soaked in Oil Red O staining solution (C0157S, Beyotime) according to the manufacturer’s
instructions. After three washes with PBS, the cells were stained with hematoxylin for
40 s. Images were captured with an epifluorescence microscope (Olympus BX53, Olympus,
Tokyo, Japan).

4.10. Enzyme-Linked Immunosorbent Assay (ELISA)

The cultured duck granulosa cell supernatant was collected to measure progesterone
and estrogen levels using ELISA Kits (H102-1-2 and H089-1-1, Nanjing Jiancheng Bioengi-
neering, Nanjing, China) following the manufacturer’s instructions.
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4.11. Statistical Analysis

All results are presented as the mean ± standard deviation. The two-group comparison
was performed with a two-tailed t-test, and an independent samples t-test was used
to evaluate significant differences. All experiments were performed with at least three
replicates, with * p < 0.05, ** p < 0.01, and *** p < 0.001.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ijms252011251/s1.
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