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GRAPHICAL ABSTRACT

Whole-transcriptome analysis reveals the characteristics of intramuscular fat circRNA expression and its associated network in grazing yaks of different
months of age under cold stress

Whole-transcriptome analysis reveals the characteristics of intramuscular

fat circRNA expression and its associated network in grazing yaks of
different months of age under cold stress.
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Conclusions: Our findings suggest that bta-let-7i may play a role in fat deposition in yaks and could be
regulated by the circRNA X_85287959_85291068. Notably, X_85287959_85291068 appears to be
involved in the regulation of intramuscular fat deposition, highlighting its potential as a candidate

CircRNA for enhancing the quality of yak meat.

ARTICLE INFO ABSTRACT

Article history: Background: The aim of this study was to screen circRNAs related to fat deposition in yaks, and to identify
Received 14 August 2024 candidate circRNAs for yak meat quality improvement. Six male yaks with insignificant differences in
Accepted 29 October 2024 body weights were selected as test subjects, and 3 yaks (G18_IMF) were randomly slaughtered at the
Available online 9 January 2025 beginning of the experiment, while the remaining 3 yaks were naturally grazed until 24 months of age
(G24_IMF), and then slaughtered at the end of the experiment, and the intramuscular fat was collected

Iljey"l""r‘;sf from the dorsal muscle. At the end of the experiment, the yaks were slaughtered and the intramuscular
c;aR_Ni\t_ ! fat from the back was collected for whole transcriptome sequencing.
GIrcRNA Results: The results showed that 352 differential circRNAs, 86 differential miRNAs and 3981 differential

Cold stress

Gene expression
Intramuscular fat
Meat quality
miRNAs

mRNAs were found. miRNAs and mRNAs network regulation maps were successfully constructed through
gene expression correlation analysis and target gene prediction.

Conclusions: Taking the intersection of the predicted circRNA target genes with the differential miRNAs
for intramuscular fat in yaks of different months of age, we obtained two candidate ceRNA pairs that
might be related to intramuscular fat deposition in yaks, and found that bta-let-7i might be related to

Whole-transcriptome fat deposition in yaks and might be regulated by X_85287959_85291068, and that
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X_85287959_85291068 could be a candidate circRNA to enhance the quality of yak meat. The results may

provide a reference for further investigation of the regulatory network of intramuscular fat deposition in

yak.
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1. Introduction

As the “boat of the snowy region”, yaks are mainly distributed
in the high-altitude areas of 3000 m ~ 5000 m on and around
the Tibetan Plateau [1], providing herders with meat, milk, wool
and other necessities, as well as having a high economic value.
Accompanied by the gradual improvement of people’s living stan-
dard, the requirements for meat quality are getting higher and
higher [2]. Yak meat is characterized by low fat, high protein, rich
in a variety of fatty acids and amino acids, etc. However, the intra-
muscular fat (IMF) content in yak meat is low, which seriously
affects the taste and flavor of yak meat. IMF is formed due to a large
accumulation of intramuscular fat, and the tenderness, flavor and
quality of meat are affected by IMF and fatty acids, among others
[3,4]. Therefore, it is important to investigate the deposition pat-
tern of intramuscular fat for yak meat quality improvement as well
as for the improvement of local herders’ living standard. The aim of
this study was to compare the changing patterns of IMF in yaks of
different months of age during the cold season, to sequence the
whole transcriptome of IMF in yaks of different months of age, to
compare the expression of circRNAs, miRNAs and mRNAs differing
in intramuscular fat in yaks of different months of age, and to
screen for candidate circRNA-miRNA-mRNA pairs that regulate
intramuscular fat in yaks in an attempt to investigate the changing
patterns of circRNAs in intramuscular fat of yaks and to lay the
foundation for further research on the mechanism of action of
intramuscular fat deposition.

2. Material and methods
2.1. Experimental materials and feeding management

Six male yaks of 18 months of age with good growth condition
and insignificant differences in intramuscular fat were provided by
Meilongpal Livestock Management Specialized Cooperative in Qil-
ian County, Qinghai Province (mean elevation 3169 m). At the
beginning of the experiment (October), three yaks (G18_IMF) were
randomly selected for slaughter, and the remaining three yaks
(G24_IMF) continued to graze naturally until 24 months of age.
Table S1 indicates the forage nutrient levels. They were slaugh-
tered at the end of the experiment, and the fat on their backs
was collected, put into a liquid nitrogen tank and transported back
to the laboratory, where it was stored at —80°C for spare use.
Approximately, 500 g of longissimus dorsi muscle (LD) samples
was collected after slaughter, stored in a sealed thermostat (0-
4°C), and then transported back to the laboratory for storage at
—20°C to measure their nutritional quality. Dorsal surface fat,
which is physiologically similar to intramuscular fat and is easier
to collect [5], was taken and placed in a fixative for tissue section-
ing. Fig. 1 shows the flow chart of the experiment.

2.2. Determination of routine nutrient composition of yak meat

According to (GB/T 5009.5-2003) semi-micro Kjeldahl method
for the determination of crude protein, according to (GB/T
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5009.4-2010) method for the determination of crude ash, accord-
ing to (GB/T 5009.3-2010) direct drying method for the determina-
tion of moisture, according to (GB/T 5009.6-2010) Soxhlet
extraction method for the determination of crude fat.

2.3. RNA extraction, library preparation and sequencing

Total RNA was extracted from the tissue using TRIzol® Reagent
according to the manufacturer’s instructions. Then, RNA quality
was determined by 5300 Bioanalyser (Agilent) and quantified
using the ND-2000 (NanoDrop Technologies). Only high-quality
RNA sample (0D260/280 = 1.8 ~ 2.2, 0D260/230 > 2.0, RIN >
6.5, 28S:18S > 1.0, > 1 pg) was used to construct sequencing
library. Small RNA libraries were generated using QIAseq miRNA
Library Kit (Qiagen) following the manufacturer’s recommenda-
tions, and mRNA + IncNRA + circRNA libraries were generated by
[llumina Stranded Total RNA Prep, Ligation with Ribo-Zero Plus.
They were then sequenced using an Illumina NovaSeq 6000 by
Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai,
China).

2.4. Identification of circRNAs

After the clean reads were aligned to the reference genome,
junctions of the unmapped reads were identified using a back-
splice algorithm. CIRI2 and Findcirc were used to predict circRNAs.
The expression levels of circRNAs were reflected by the number of
mapped back-splicing junction reads per million mapped reads
(RPM). The analysis was performed using DEGseq (version 1.30.0)
software, with a screening threshold of [log2FC| > 1.000,
padjust < 0.001.

2.5. Identification of small RNAs

Firstly, all clean mapped tags were aligned with miRNAs in the
miRBase22.0 database (https://www.mirbase.org/) to got known
miRNA. Then, the rest of the tags were aligned with Rfam database
and Repbase database to remove ribosomal RNA (rRNA), transfer
RNA (tRNA), small nuclear RNA (snRNA), small nucleolar RNA
(snoRNA) and other ncRNA and repeats. Next, the unannotated tags
were predicted to be and identified as novel miRNAs using
miRdeep2 software, according to the tag positions in the genome
and their hairpin structures.

2.6. Prediction of miRNA target genes

miRanda for animal was used to predict miRNA targets.
2.7. Identification of differentially expressed RNAs

The “DESeq2” package in R software was applied to screen DEc-
ircRNAs, DEmRNAs and DEmiRNAs. We identified the significant
DEcircRNAs and DEmiRNAs in comparable group (p < 0.05 and |

Log2FC| > 1). The thresholds of |LogFC| > 1 and pdjust < 0.05 were
used to screen the significant DEmRNAs. Gene Ontology (GO) term
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Fig. 1. Experimental flow chart.

and the Kyoto Encyclopedia of Genes and Genomes (KEGG) func-
tional enrichment analysis were performed for DEmiRNAs (using
the DEmiRNA target genes), and DEmRNAs using the Goatools (ver-
sion 0.6.5) and KOBAS (version 2.1.1) tool with the BH method cor-
rected for p-values by default, and when the corrected p-value
(Padjust) < 0.05, it was considered that there was a significant
enrichment for this function, respectively. Finally, candidate
circRNA-miRNA-mRNA pairs that regulate fat deposition were
screened. The experimental flow is shown in Fig. 1.

2.8. qRT-PCR validation

The accuracy of the sequencing results was verified by qRT-PCR.
3 miRNAs, 3 RNAs and 3 circRNAs were randomly selected. qRT-
PCR was carried out using SYBR Green Dye Fluorescence Quantifi-
cation Kit. The primers were designed with reference to the rele-
vant gene sequences of bovine (Bos taurus) in NCBI, and GAPDH
was used as the internal reference gene for circRNA and mRNA,
and U6 was used as the internal reference gene for miRNA, the pri-
mers were designed using Primer 5.0 software and sent to Sangon
Biotech Ltd. for synthesizing (Table S2).

3. Results
3.1. Comparison of conventional nutrients

The crude fat content in the LD of 18-month-old yaks was sig-
nificantly higher than that of 24-month-old yaks (p < 0.05). There
were no significant differences in ash and crude protein contents
(p > 0.05) (Table 1).

Table 1
Comparative analysis of conventional nutrient composition of yak meat.

3.2. Effect of cold season stress on the morphology of back adipose
tissue in yak

As shown in Table 2 and Fig. 2, the length diameter of fat cells
on the back of 18-month-old yaks was significantly higher than
that of 24-month-old yaks (p < 0.05); the density of fat cells in
18-month-old yaks was highly significantly lower than that of
24-month-old yaks (p < 0.01).

3.3. Sequencing data quality control

In this study, a total of six sequencing libraries were con-
structed, and the dorsal intramuscular fat libraries of 18-month-
old yak (yak_18m_G_IMF) and 24-month-old yak (yak_24m_-
G_IMF) were sequenced by Illumina platform. In the six sequenc-
ing libraries, the Error rate was controlled below 0.025%, the GC
content was in the range of 45.8~51.34%, and the Q20 and Q30
of the six sequencing libraries were above 98.1% and 94.3%, respec-
tively. The statistics of sequencing quality data are shown in
Table S3. From the above results, it can be seen that the quality
of sequencing data is good, which meets the requirements of sub-
sequent experiments.

3.4. Differential mRNA screening and pathway enrichment analysis

As shown in Fig. 3a, by mRNA sequencing of yak intramuscular
adipose tissue, there were 24,089 mRNAs in G24_IMF, 23,987
mRNAs in G18_IMF, and 22,112 mRNAs were co-expressed in
G24_IMF and G18_IMF. As shown in Fig. 3d, 3981 G24_IMF and

Table 2
Comparative analysis of various parameters of yak back adipocytes.

Item Part 18 months old 24 months old Items 18 months old 24 months old
Moisture (%) LD 76.99 + 0.11° 75.64 + 0.74 Fat cells length and diameter (pm) 69.44 + 3.94a 64.62 + 8.10b
Crude protein (%) LD 23.02 £ 1.26 22.69 +2.78 Fat cells are short in diameter (1m) 55.37 £ 1.07 51.65 + 3.46
Crude fat (%) LD 3.20 + 0.32%° 2.10 + 0.09° Mean diameter of fat cells (um) 62.41 + 8.13 58.14 £ 9.03
Ash (%) LD 1.95 £ 0.19 2.07 £0.21 Fat cells density (N/mm2) 603.67 + 16.80b 689.67 + 40.05a

Note: Differences in lower case letters indicate significant differences (p < 0.05).
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Note: Differences in lower case letters indicate significant differences (p < 0.05).
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Fig. 2. Comparative morphologic analysis of subcutaneous adipose tissue on the back of yaks (x200). (a) corresponds to 18 months old; (b) corresponds to 24 months

old.
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Fig. 3. Analysis of differential mRNAs, miRNAs and circRNAs. (a) Venn diagram between mRNA samples; (b) Venn diagram between miRNA samples; (c) Venn diagram
between circRNA samples; (d) volcano plot of mRNA expression differences; (e) miRNA expression difference MA figure; (f) volcano plot of circRNA expression differences.

G18_IMF differential mRNAs were identified, of which 2239 were
up-regulated and 1742 were down-regulated. The KEGG pathway
enrichment map of differential mRNAs related to fat metabolism
is shown in Fig. 4a.

3.5. Differential miRNA screening and pathway enrichment analysis

As shown in Fig. 3b, by miRNA sequencing of yak intramuscular
adipose tissue, there were 429 miRNAs in G24_IMF and 399 miR-
NAs in G18_IMF; 371 miRNAs were co-expressed in G24_IMF and
G18_IMF.

As in Fig. 3e, each point in the graph represents a specific
miRNA, and by default, the red points indicate significantly up-
regulated miRNAs, the blue points indicate significantly down-
regulated miRNAs, and the gray points are non-significantly differ-
entiated miRNAs. Eighty-six different miRNAs were identified
between G24_IMF and G18_IMF, of which 43 were up-regulated
and 43 were down-regulated.

3.6. Differential circRNA screening and pathway enrichment analysis

As shown in Fig. 3¢, by circRNA sequencing of yak intramuscular
adipose tissue, there were 802 circRNAs in G24_IMF, 928 circRNAs

in G18_IMF, and 622 circRNAs were co-expressed in G24_IMF and
G18_IMF.

As in Fig. 3f, 352 differentiated circRNAs between G24_IMF and
G18_IMF, of which 67 were up-regulated and 285 were down-
regulated.

3.7. Target gene prediction

As shown in Table 3, miRanda software was used to predict the
targeting relationships of differentially expressed circRNAs and
mRNAs with differentially expressed miRNAs. It was found that 1
circRNA had 1 targeting relationship pair with 1 miRNA; 86 miR-
NAs had 1183 targeting relationship pairs with 918 mRNAs. Path-
way enrichment analysis was performed on the target genes, and
Fig. 4b shows the KEGG-enriched pathway associated with lipid
metabolism, and pathway enrichment is tabulated in Table S4.

3.8. Construction of ceRNA network diagrams

The differentially expressed circRNA, miRNA and mRNA
sequences were analyzed to find miRNAs with binding sites on cir-
cRNAs and mRNAs, which were visualized using Cytoscape soft-
ware, and finally, the circRNA-associated ceRNA network was
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Table 3
Target gene prediction (top 20).

miRNA name Target transcript id Target RNA type target gene id target gene name
bta-let-7i X_85287959_85291068 circRNA ENSBGRG00000025136 PIN4
bta-miR-21-3p ENSBGRT00000001830 mRNA ENSBGRG00000000954 FAM189A2
bta-miR-1247-5p ENSBGRT00000024299 mRNA ENSBGRG00000012869 EYA1
bta-miR-2320-5p ENSBGRT00000013524 mRNA ENSBGRG00000007378

bta-miR-150 ENSBGRT00000047860 mRNA ENSBGRG00000025875

bta-miR-11985 ENSBGRT00000046904 mRNA ENSBGRG00000025378 FAAP100
bta-miR-11972 ENSBGRT00000013571 mRNA ENSBGRG00000007389 PIGU
bta-miR-133a ENSBGRT00000020192 mRNA ENSBGRG00000010838 SNCAIP
bta-miR-11972 ENSBGRT00000013789 mRNA ENSBGRG00000007457 METTL21A
bta-miR-21-3p ENSBGRT00000046906 mRNA ENSBGRG00000021276

constructed. The results showed that 25 miRNAs had binding sites
with 133 mRNAs, and no circRNAs were found to have binding
sites on miRNAs. The network relationship diagram is shown in
Fig. 4c.

The predicted target gene Dbta-let-7i of circRNA:
X_85287959_85291068 was taken to intersect with the differential
miRNA target genes to obtain 2 pairs of candidate circRNA-miRNA-
mRNA pairs that may regulate intramuscular fat in yak, as shown
in Table 4 and visualized using Cytoscape software, as shown in
Fig. 4d.

3.9. qRT-PCR validation
The results of the qRT-PCR verification of the differentially

expressed genes are shown in Fig. 5. The transcriptome sequencing
results of the differentially expressed genes are presented in
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Fig. S1. qRT-PCR was consistent with the transcriptome sequencing
results.

4. Discussion

Yak is an ancient and primitive species of cattle, present in and
around the Tibetan Plateau, and in small numbers in Mongolia,

Table 4
Candidate circRNA-miRNA-mRNA pairs.
circRNA miRNA mRNA ID mRNA
name
X_85287959_85291068 bta-let-7i ENSBGRG00000015766 DSCC1
X_85287959_85291068 bta-let-7i ENSBGRG00000007193 PFKFB1
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Fig. 5. Differently expressed gene validation results.

Bhutan, Russia, and India, and is a means of production and liveli-
hood for plateau herders [6]. Fat deposition in animals is influ-
enced by a combination of nerves, body fluids, hormones and fat-
metabolizing enzymes [7,8]. For a long time, yak production has
been mainly based on traditional grazing, so the nutritional value
and quantity of pasture directly affect the growth performance of
yaks. The fat deposition capacity of yaks varies with seasons and
pastures, as “spring is weak, summer is strong, autumn is fat,
and winter is aura” throughout the growth period of yaks. The
crude fat content of the longest dorsal muscle of 18-month-old
yaks was significantly higher than that of 24-month-old yaks
(p < 0.05), which was attributed to the fact that yaks experienced
a large amount of fat consumption during the cold season, result-
ing in the crude fat content of 18-month-old yaks being higher
than that of 24-month-old yaks. At the end of the cold season, yaks
can lose up to 25% of their body weight. Therefore, it is of great sig-
nificance to investigate the intramuscular fat deposition pattern of
yaks to promote the economic development of the plateau.

The closed ncRNA formed by reverse shearing of mRNA is circu-
lar RNA (circRNA), which is mainly found in the cytoplasm [9] and
is highly resistant to ribonucleases. CircRNAs have a variety of bio-
logical functions such as competitive binding of miRNAs, regulat-
ing gene expression and encoding proteins [10]; at the same
time, circRNAs are involved in the splicing of target genes and
translation of genes into proteins, and studies have shown that cir-
cRNAs undergo a rolling cycle of amplification, which results in
productivity that is 100-fold higher than that of linear transcripts
[11]; circRNAs can also bind to host gene loci to form R-loops lead-
ing to pauses in gene transcription [12,13]; RNA-binding proteins
bind to circRNAs to become scaffolds, decoys, and recruiters of pro-
teins, binding to proteins and consolidating protein-protein inter-
actions [14]. It has been reported that circRNAs can act as sponges
to competitively bind miRNAs and participate in cell proliferation,
apoptosis, differentiation, and other functions [15]. circRNAs can
function as competing endogenous RNA (ceRNA) and participate
in adipocyte regulatory processes [16,17,18,19]. It was found that
circfut 10 inhibits peroxisome proliferator-activated receptor 7y
coactivator 1B by binding to let 7c thereby promoting bovine adi-
pocyte proliferation and inhibiting adipocyte differentiation [20];
inhibition of circ-PLXNA1 expression increases the expression of
duck adipose precursor cytokine 1, inhibits the expression of C/
EBPa and FAS genes, and thereby reduces the ability of adipocyte
differentiation [21]; circ PPARA can adsorb miR-429 and miR-
200, which in turn affects porcine intramuscular adipogenesis
[22]; circPPAR2 can adsorb miR-2366 to increase GK expression,
which promotes porcine precursor adipocyte differentiation [23].
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These studies suggest that circRNAs may play an important role
in adipogenesis through the circRNA-miRNA-mRNA regulatory
network. In order to investigate the role of circRNAs in the process
of intramuscular fat deposition in yaks, this study utilized whole
transcriptome sequencing technology to investigate the expression
of circRNAs in intramuscular fat of yaks of different months of age.
The results showed that a total of 352 differential circRNAs, 86 dif-
ferential miRNAs and 3981 differential mRNAs were detected. So
far, it is difficult to screen circRNAs related to fat deposition by
the function of circRNAs. Therefore, in this study, we took the
intersection of the target genes of differential circRNAs with the
target genes of differential miRNAs and obtained 2 pairs of candi-
date circRNA-miRNA-mRNA pairs that may be related to intramus-
cular fat deposition in yak, which are: X_85287959_85291068-bta-
let-7i-DSCC1 and X_85287959_85291068-bta-let-7i-PFKFB1. In
this study, we found that the gene loci of PFKFB1 and DSCC1 were
located near the X_85287959_85291068 transcriptional site, and
that X_85287959_85291068 and bta-let-7i might regulate fat
deposition in yak, but the specific function of the above ceRNA
relationship pairs in intramuscular fat of yak still needs to be ver-
ified by further experiments. Lethal-7 (let-7) is the second miRNA
to be discovered, and 17 members of the let-7 family have been
identified, and the seed regions of each member are conserved in
sequence and function across multiple tissues in multiple species
[24]. let-7 was first found to regulate cell division in nematode
worms, and further studies have revealed that let-7 also has a role
in regulating organ development in animals. Johnson et al. [25]
found that overexpression of let-7 in lung cancer cells alters the
cancer cell cycle and reduces cell division, and found that let-7 is
involved in the regulation of cell proliferation; let-7 also has a cer-
tain regulatory effect on organs such as the heart [26], bone and
muscle [27]. let-7i belongs to the let-7 family, and it has been
found that let-7i is found in gastric cancer tissues. The expression
is low and may be directly related to coronary heart disease [28].
let-7i may have a regulatory effect on the function of dendritic cells
and subpopulations, Let-7 family, a central regulator of energy
involved in the regulation of glucose metabolisms [29], has
increased expression in HFD rats [30]; secondly, circFUT10 was
found to inhibit bovine adipocyte differentiation via let-7 [20].
However, further studies are needed in this study on how bta-
let-7i acts. DSCC1, together with chromosome transfer fidelity fac-
tors (CHTF) 8 and 18, forms CHTF18-replication factor C, which is
involved in the DNA replication process during the S phase of the
cell cycle [31,32,33,34,35]. Little is known about DSCC1, and some
studies have found that DSCC1 expression may be associated with
lung adenocarcinoma [36]; DSCC1 promotes breast cancer by reg-
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ulating Wnt/B-catenin signaling and p53 [37]; and colon carcino-
genesis is also associated with DSCC1. All of the above studies sug-
gest that DSCC1 expression is associated with cancer production
and development, but the role of DSCC1 in the regulation of fat
deposition in yak has not been elucidated. 6-phosphofructo-2-kin
ase/fructose-2,6-bisphosphatases (PFKFB) is a bifunctional enzyme
with kinase activity that shunts glucose to the glycolytic pathway
and phosphatase activity that shunts glucose to the pentose phos-
phate pathway [38]. PFKFB consists of four isoforms, PFKFB1,
PFKFB2, PFKFB3, and PFKFB4, and each isoform has different func-
tions due to its different kinase-to-phosphatase activity ratios [39].
PFKFB3 plays an important role in glycolytic fluxes due to the high-
est kinase-to-phosphatase activity ratio [40] and affects the regula-
tion of the cell cycle in the nucleus [41]. However, whether other
isoforms are involved in the regulation of fat deposition in yak
has not been reported.

In this study, 352 differential circRNAs, 86 differential miRNAs
and 3981 differential mRNAs were identified by whole transcrip-
tome sequencing of intramuscular fat in yaks of different months
of age. miRNAs and mRNAs network regulation maps were suc-
cessfully constructed by gene expression correlation analysis and
target gene prediction, but the circRNA binding sites have not yet
been found on miRNA binding sites on miRNAs. Taking the inter-
section of the predicted circRNA target genes with the differential
miRNAs of intramuscular fat in yaks of different months of age, we
obtained two candidate circRNA-miRNA-mRNA pairs that might be
related to intramuscular fat deposition in yaks, and found that bta-
let-7i might be related to fat deposition in yaks, and might be reg-
ulated by X_85287959_85291068. X_85287959_85291068 might
be involved in the regulation of intramuscular fat deposition in
yak and could be a candidate circRNA to enhance the quality of
yak meat. This result could provide a reference for further investi-
gation of the regulatory network of intramuscular fat deposition in
yak.
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