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Construction of a molecular regulatory network
related to fat deposition by multi-tissue
transcriptome sequencing of Jiaxian red cattle

Shuzhe Wang," Cuili Pan,” Hui Sheng,! Mengli Yang,” Chaoyun Yang,” Xue Feng," Chunli Hu," and Yun Ma'-3*

SUMMARY

Intramuscular fat (IMF) refers to the fat that accumulates between muscle bundles or within muscle cells,
whose content significantly impacts the taste, tenderness, and flavor of meat products, making it a crucial
economic characteristic in livestock production. However, the intricate mechanisms governing IMF depo-
sition, involving non-coding RNAs (ncRNAs), genes, and complex regulatory networks, remain largely
enigmatic. Identifying adipose tissue-specific genes and ncRNAs is paramount to unravel these molecular
mysteries. This study, conducted on Jiaxian red cattle, harnessed whole transcriptome sequencing to un-
earth the nuances of circRNAs and miRNAs across seven distinct tissues. The interplay of these ncRNAs
was assessed through differential expression analysis and network analysis. These findings are not only
pivotal in unveiling the intricacies of fat deposition mechanisms but also lay a robust foundation for future
research, setting the stage for enhancing IMF content in Jiaxian red cattle breeding.

INTRODUCTION

Non-coding RNAs (ncRNAs) possess a wide range of crucial biological functions, encompassing the regulation of gene expression at multiple
levels, including transcription, RNA processing, and translation.”” Recent research has demonstrated that the regulation of fat deposition
involves a diverse array of ncRNAs and transcription factors.” For example, circFUT10 has emerged as a fascinating case, as it not only en-
hances adipocyte proliferation but also inhibits differentiation by acting as a sponge for let-7.* In a different context, exosomal circ133 has
been found to drive the browning of white fat by directly influencing the miR-133/PRDM16 pathway.” Furthermore, circ09863 regulated
unsaturated fatty acid metabolism in bovine mammary epithelial cells by competitively binding to miR-27a-3p.° The interaction of ncRNAs
is one of the key steps in the control of gene expression, determining the final protein output in a hierarchical (circRNA-miRNA-mRNA-pro-
tein) system.

The versatility of ncRNAs confers multiple roles on the RNA complex, ranging from controlling RNA transcription to competing for binding
with target sequences.”® Most circRNAs contain multiple binding sites and can thus target multiple miRNAs, while a single miRNA can also
interact with multiple circRNAs to form a complex competing endogenous RNA (ceRNA) network in addition to targeting the 3'UTR of mul-
tiple mRNAs.” Previous studies mainly identified ncRNAs based on different conditions in single tissue, such as cancer production,'” breast
lesions,’’ adipose differentiation,'” and alcoholic fatty liver.”® In addition, ncRNAs could be identified from different varieties (e.g., human
with bovine)'* or from multiorganization (e.g., muscle and fat).'> Nevertheless, the transcriptome of different tissues varied under different
physiological and pathological conditions. Studying just one tissue limits our understanding of diverse biological processes, and focusing
on single-tissue sequencing overlooks complex tissue interactions. Conducting RNA sequencing across multiple tissues offers a holistic
view, revealing tissue-specific genes and regulatory mechanisms.

Accurately identifying of ncRNAs and their regulatory networks required a comprehensive study of different tissues. Various tissues usually
communicate with each other to coordinate the regulation of growth, development and metabolism. Therefore, it is crucial to gain a deeper
understanding of the regulatory relationships between adipose and other tissues. In this study, adipose tissue and six tissues (heart, liver,
spleen, lung, kidney, and muscle) closely related to it were selected for sequencing. The liver and fat exhibit a tightly regulated relationship,
forming a liver-fat regulatory axis. Glucocerebrosidase enzymes in the liver govern glucose synthesis and release, while lipocalin in adipose
tissue modulates insulin sensitivity and energy metabolism.'® Intramuscular fat (IMF) can alter the tenderness and flavor of beef, and the pro-
cess of IMF production is an important direction in the study of the relationship between muscle and fat."” Excessive lipid synthesis leads to
the accumulation of cholesterol in the arteries and the formation of cardiac fat around the heart.'® Excess fat also reduces the compliance of
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Figure 1. ldentification and characteristic analysis of circRNA in heart, liver, spleen, lung, kidney, muscle, and fat of Jiaxian Red Cattle
A) Original read quality control.

B) Pearson correlation coefficient analysis between different organizations.

C) RPKM density distribution.

D) RPKM expression pattern.

E) CircRNAs length distribution.

F) Statistics on the number of circRNAs identified in bovine skeletal muscle with tail shear reads.

G) CircRNA contains Exon number statistics.

H) The distribution of circRNAs in different chromosomes of cattle.
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the entire respiratory system, and increased lung resistance, resulting in an increased risk of disease.'? In addition, it can also be deposited
around the spleen and kidney, leading to organ damage and metabolic diseases.”” Clarifying the regulatory relationships between the heart,
liver, spleen, lung, kidney, muscle, and fat tissues is essential to understanding the mechanisms of adipose tissue metabolism. Therefore, we
conducted a comprehensive analysis of ncRNA in these seven different tissues (heart, liver, spleen, lung, kidney, muscle, and adipose) to pro-
vide insight into the molecular mechanisms associated with fat deposition.

The Jiaxian red cattle is an excellent local yellow cattle breed in China, whose meat is tender and marbling is obvious. Improving meat
quality in this breed is of utmost importance. This study employed tissue-specific differential expression analysis, gene co-expression network
analysis (WGCNA), and comprehensive screening to identify key circRNAs and miRNAs involved in fat development in Jiaxian red cattle.
Consequently, a molecular regulatory network was constructed, contributing to a deeper understanding of fat deposition and carrying sig-
nificant implications for the breeding and enhancement of meat quality in Jiaxian red cattle.

RESULTS

Multi-tissue circRNA identification of Jiaxian red cattle

21 samples were collected from seven different tissues of three cattle to construct ribosome-depleted RNA libraries, enabling the identifica-
tion of circRNA expression data. Polished version: The RNA libraries yielded a total of 1,848,999,744 reads, which underwent quality control
and filtering to remove low-quality reads (Figure 1A), the remaining reads were then aligned to the genome (Table S1). Through comprehen-
sive analysis, a total of 63,019 circRNAs were identified, with 18,321 circRNAs originating from a single back-spliced read. Intriguingly, the
remaining circRNAs either showed partial distribution across 2-5 tissues or were exclusive to a single tissue, with only 7,980 circRNAs exhibit-
ing presence across all seven tissues. The Pearson coefficients of expression levels between tissues converged to 1, indicating normal gene
expression patterns in the tissues (Figures 1B-1D). The large sample size resulted in a substantial number of long circRNAs (>1000 bp) (Fig-
ure 1E). However, most circRNAs exhibited low expression levels, with less than five supporting back-spliced reads (Figure 1F). The analysis of
circRNA sequence structures showed that highly expressed circRNAs had a consistent number of exons across diverse tissues, usually ranging
from 2 to 10 exons. However, it is worth noting that only a minority (5%) of circRNAs comprised a single exon (Figure 1G). The majority of
circRNAs are derived from reverse splicing of one or multiple exons within a gene. Chromosomal distribution analysis revealed a widespread
and relatively uniform distribution of circRNAs across all chromosomes. Longer chromosomes have a higher potential for generating reverse
splicing sites, leading to the production of more circRNAs (Figure TH). Additionally, the analysis results suggested that a single parental gene
could generate multiple circRNA isoforms, such as 1-5 circRNAs (Figure S1A). Notably, only 1-2 circRNAs typically exhibit the higher expres-
sion levels (Figures S1B-S1D).

Multi-tissue miRNA identification of Jiaxian red cattle

A dedicated small RNA library was created, resulting in a total of 467,209,612 reads from all tissue samples. Quality filtering was applied to
remove low-quality reads (Figure 2A), and the resulting clean reads were aligned against the miRbase database (Table S2). Unmapped reads
that did not match the miRbase database were then aligned to the cattle genome to identify potential novel miRNAs (Table S3). A total of
1,030 candidate miRNAs were identified, but unfortunately, no new miRNAs were discovered. Analysis revealed high Pearson correlation co-
efficients indicating similar expression levels among tissues, and the gene expression patterns within tissues were normal (Figures 1B-1D).
Further analysis of miRNA sequence characteristics showed a preference for U as the first base of mature miRNAs (Figure 2E), and the lengths
of miRNAs ranged from 16 to 24 bp, consistent with typical miRNA features (Figure 2F).

Differential expression analysis of circRNAs and miRNAs in Jiaxian red cattle

Differential expression analysis of circRNAs and miRNAs was performed in six different tissues compared to adipose tissue. Significant expres-
sion patterns were observed in each tissue: the heart had 392 upregulated and 277 downregulated circRNAs, along with 91 upregulated and
80 downregulated miRNAs; the liver showed 346 upregulated and 487 downregulated circRNAs, with 132 upregulated and 82 downregulated
miRNAs. In the spleen, there were 427 upregulated and 155 downregulated circRNAs, along with 58 upregulated and 75 downregulated miR-
NAs. The lungs exhibited 451 upregulated and 182 downregulated circRNAs, with 63 upregulated and 72 downregulated miRNAs. Kidneys
had 373 upregulated and 283 downregulated circRNAs, along with 120 upregulated and 43 downregulated miRNAs. Finally, muscles showed
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Figure 2. Identification and characteristic analysis of miRNAs in bovine heart, liver, spleen, lung, kidney, muscle, and fat
(A) Original read quality control.

(B) Pearson correlation coefficient analysis between different organizations.

(C) RPKM density distribution.

(D) RPKM expression pattern.

(E) miRNAs length distribution.

(F) miRNA first base preference.
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Figure 3. Differential expression analysis of circRNAs

(A) Upset analysis of differentially expressed circRNAs.

(B) Upregulation of differentially expressed circRNAs by venn analysis.
(C) Downregulation of circRNAs venn analysis.

407 upregulated and 321 downregulated circRNAs, along with 87 upregulated and 64 downregulated miRNAs. (Figures 3 and 4A, and
Table S4).

Comparative venn analysis, using adipose tissue as a control, revealed upregulated circRNAs in various tissues. Notable circRNAs,
including circKCNN2, circCANX, circFAM129B, circARHGAP29, circSERINC2, and circHHAT, were significantly elevated in adipose tissue.
Some circRNAs in the lungs and muscles also showed differential expression but not significantly higher than other tissues (Figures 3B
and 3C). Additionally, the analysis of differentially expressed miRNAs identified various miRNAs with upregulation in specific tissues, such
as miR-30a-5p in the heart, liver, and kidneys, and miR-29d-3p in multiple tissues. Conversely, some miRNAs, like miR-30c, miR-30d, miR-
9-3p, let-7f, miR-214, and miR-129, were downregulated in multiple tissues. Although these miRNAs exhibit tissue-specific expression,
their significantly higher levels in adipose tissue suggest their involvement in adipose tissue growth and development. (Figures 4B
and 4C).

WGCNA analysis of circRNA and miRNA in Jiaxian red cattle

This study performed WGCNA on 14,639 circRNAs with high relative expression, differential expression, and tissue-specific expression.
Clustering analysis of the samples indicated distinct tissue-based distinctions, the circRNA screening employed a soft threshold of 8,
resulting in the division of the ncRNA into seven co-expression modules through dynamic cutting and tissue module merging
(Figures 5A-5C). The red module, highly associated with muscle tissue, and the blue module, highly associated with adipose tissue,
were selected for further analysis based on correlation coefficient magnitude and significance (Figure 5D). Analysis revealed that the tis-
sue-specific circRNAs within the modules were mostly independent, with only a few circRNAs intersecting with differentially expressed
genes. The majority of strongly associated circRNAs were tissue-specific. By comparing the WGCNA results with differential expression
results using venn analysis, a total of 33 circRNAs potentially involved in adipose-related functions were identified. Notably, circRNAs
such as circANKEF1, circADAMTS16, circCAP2, circZNF292, circATP6AP2, circDDHD1, and circHHATL exhibited significantly higher
expression in adipose tissue.

The study also performed a miRNA gene co-expression network analysis (WGCNA). Clustering analysis of the samples identified seven
distinct clusters, each corresponding to a specific tissue type, highlighting tissue type as the primary source of sample functional changes
(Figures 6A and 6B). Subsequently, miRNAs within the pink module, strongly linked to adipose tissue, and the turquoise module, closely asso-
ciated with muscle tissue, were chosen for further investigation (Figures 6C and 6D).

iScience 26, 108346, November 17, 2023 5
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Figure 4. Differential expression analysis of miRNAs

(A) Upset analysis of differentially expressed miRNAs.

(B) Upregulation of differentially expressed miRNAs by venn analysis.
(C) Downregulation of miRNAs venn analysis.

Functional enrichment analysis of target genes and key gene screening

After conducting venn analysis, a total of 74 upregulated miRNAs and 72 downregulated miRNAs were identified by comparing the results of
Weighted Gene Co-expression Network Analysis (WGCNA) and differential expression analysis, which included 168 miRNAs. Furthermore, 48
miRNAs were found to be commonly present in both the upregulated and downregulated miRNA sets (Figure 7A).

The target genes of these miRNAs were predicted using TargetScan7.2, RNAhybrid, and miRanda, and venn analysis was performed on
the results from these tools. A total of 2,841 target genes and 7,231 miRNA-target gene pairs were identified. Functional enrichment analysis
revealed various molecular functions, including catalytic activity, ATP binding, and phosphotransferase activity, among others. Notably, the
catalytic activity pathway was enriched with 109 genes, including CDK5, CDKé, and CDK12, which are important transcription factors involved
in adipocyte proliferation and apoptosis. Cellular component analysis showed the involvement of 132 genes in different cellular structures
such as early endosome membrane, cell surface, and cytoplasmic vesicles. Cytoplasmic vesicles exhibited the highest enrichment, and as ad-
ipose-derived extracellular vesicles play a significant role in intercellular communication, the identified target genes are likely to be down-
stream candidates of miRNAs. Biological process analysis highlighted pathways such as protein-DNA complex assembly, DNA conformation
change, and skeletal muscle cell differentiation. The pathway with the highest enrichment was the regulation of body fluid levels, while pro-
tein-DNA complex assembly showed the highest confidence level (Figures 7B-7D). The analysis of target genes revealed their enrichment in
various disease- and cancer-related signaling pathways, such as endocytosis, microRNAs in cancer, melanogenesis, and morphine addiction.
In addition, a few genes were found to be enriched in fat-related signaling pathways like the insulin signaling pathway and AMPK signaling
pathway. These findings highlight the importance of exploring miRNAs associated with fat-related signaling pathways as potential candidate
ncRNAs (Figure 7E).

The expression of circRNAs was found to be positively correlated with their host genes. Functional annotation and pathway analysis were
performed on differentially expressed circRNAs and key circRNAs identified through WGCNA (Figure S3). It was discovered that the gene
functions and signaling pathways associated with circRNA host genes differed significantly from those involved in miRNA target gene
signaling pathways. Furthermore, RNAhybrid and miRanda were used to predict the interactions between circRNAs and miRNAs. Functional
annotation analysis was conducted on tissue-specific circRNAs and their associated miRNAs and mRNAs. The results of target gene predic-
tion for circRNAs were consistent with the analysis of miRNA target genes alone (Figure S4). Many genes related to adipogenesis and
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Figure 5. CircRNA WGCNA analysis

(A) To obtain better topological relationships, perform soft thresholding B calculation, in this study B = At this point, R2 is 0.8, and the average connectivity area is
constant.

(B) Sample clustering using gene sets for constructing co expression networks.

(C) Analyze the correlation between genes and traits.

(D) The correlation between gene GS and MM values in modules blue and pink indicates a significant correlation between GS and MM.

metabolism pathways were repeatedly identified, facilitating the identification of core ncRNAs related to adipose function and the construc-
tion of a circRNA-miRNA-mRNA interaction network.

Predictive analysis of core non-coding RNA and ceRNA network for fat function in Jiaxian red cattle

MiRNAs targeting adipose-related genes were selected, and circRNAs interacting with these miRNAs were identified. Unstable expression
and artifact-prone circRNAs were excluded. Separate ceRNA networks related to adipose function were constructed using circANKEF1, circ-
CAP2, circKCNN2, and circADAMTS16 as cores. circADAMTS16 interacted with miR-504, miR-32%a, and miR-493, which targeted genes
involved in insulin metabolism, glycerol synthesis, and other adipose-related functions (Figure 8A). The ceRNA network centered around cir-
cANKEF1 was enriched with functional genes in the MAPK signaling pathway, Apelin signaling pathway, and transforming growth factor
signaling pathway, including PLINT and MAPK4 (Figure 8B). The miRNAs interacting with circKCNNZ2 were primarily associated with the
p53 signaling pathway, MAPK pathway, and insulin-related signaling pathways (Figure 8C). The miRNAs targeting circCAP2 showed strong
associations with their target genes, particularly those involved in insulin production and adipocyte cytokine signaling pathways (Figure 8D).

Identification and epigenetic characterization of non-coding RNA
To validate the accuracy of the analysis results, this study randomly selected four differentially expressed circRNAs. Specific primers were de-
signed at the junction sites of circRNAs (Figure S5), and gRT-PCR was performed to measure their expression levels in cattle tissue samples.
The guantitative measurements were consistent with the sequencing results (Figures 9A and 9B). Additionally, to determine the expression
abundance of miRNAs in different tissues, four differentially expressed miRNAs were randomly selected. Total RNA containing miRNAs was
reverse transcribed using loop primers, followed by quantitative PCR using corresponding primers. Comparison of the relative expression
levels obtained from miRNA sequencing and gRT-PCR showed a good agreement between the sequencing and quantitative results
(Figures 9C and 9D), confirming the accuracy of the sequencing results.

Subsequently, an association analysis was performed between the key ncRNAs selected and the laboratory-generated phenotypic data
related to adipose tissue amino acids (Table S5). The results showed significant correlations between circANKEFT and Glu and Lys
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Figure 6. miRNA WGCNA analysis

(A) To obtain better topological relationships, perform soft thresholding B calculation, in this study B = At this point, R2 is 0.8, and the average connectivity area is
constant.

(B) Sample clustering using gene sets for constructing co expression networks.

(C) Analyze the correlation between genes and traits.

(D) The correlation between gene GS and MM values in modules blue and pink indicates a significant correlation between GS and MM.

(p < 0.05), as well as significant correlations between circKCNN2, circCAP2, and Val, lle (p < 0.05) (Figure 10A). Among the miRNAs, miR-129
and miR-127 exhibited significant correlations with Val, Lys, Met, Leu, Pro (p < 0.05), while let-7f and miR-29d-3p showed significant correla-
tions with Gly, Ser, Ala, and other amino acids (p < 0.05). The results of the association analysis suggest that these ncRNAs may serve as key
candidate genes involved in organismal growth, development, and fat deposition (Figure 10B).

DISCUSSION

MicroRNAs, along with other ncRNAs such as IncRNAs, pseudogenes, and circRNAs, and ceRNAs, play crucial roles in cell-fate determina-
tion.”” Protein-coding messenger RNAs, ncRNAs (such as long ncRNAs, pseudogenes, and circular RNAs), and microRNAs can interact to
form complex regulatory networks.?” Therefore, studies targeting the functional prediction have adopted this idea by first screening for po-
tential miRNAs that interact with circRNAs and then predicting the acting mRNAs of miRNAs. This approach allows for the initial functional
analysis of circRNAs and serves as the foundation for constructing circRNA-miRNA-mRNA interaction networks.

Most of the current studies on circRNAs are on shorter circRNAs (<500 bp).zg'24 In this study, we identified long-stranded circRNAs
(>800 bp), which have the potential to enrich subsequent functional verification processes. These long-stranded circRNAs exhibit lower pro-
tein-coding capacity and form a closed-loop structure, distinguishing them from IncRNAs (long-stranded ncRNAs).”” Their importance lies in
their potential functions within the nucleus, particularly in their role in host gene transcription protection.”® In addition, the coding function of
ncRNAs is also a hot topic of recent research, where circRNAs are able to encode some small peptides.”” It was speculated that this may be
due to the interaction between circRNAs and miRNAs, leading the truncated circRNAs by miRNAs to encode in the cytoplasm.

As is known that circRNAs are generated through reverse splicing, and a single gene can produce 2-8 circRNAs.”® However, only 1-2 circR-
NAs among them tend to be highly expressed, while the rest exhibit extremely low or no expression. These low-expressed circRNAs are often
ignored in temporal sequencing analyses. However, circRNAs with high expression in a certain tissue might exhibit low or even no expression
in another, indicating tissue-specific differential expression.”? These tissue-specific and differentially expressed circRNAs hold significant
value for functional investigations for specific tissue.

miRNA and their regulatory functions have been extensively studied. They showed conservatism between species and tissues.”” Thus the
miRNAs identified are present in one species were generally present in other species. In the study of functional miRNAs of adipose, it was

8 iScience 26, 108346, November 17, 2023



iScience ¢? CellPress
OPEN ACCESS

A WGCNA Up B Molecular Function C Cellular Components
catalytic activity, acting on a protein q oytoplasmic vesicle{
ATP binding [ ] intracellular vesicie |
; 5 - Count p.adjust
adenyl ribonucleotide binding [ ] ® = intrinsic component of plasma membrane | @
@ =
adenyl nucleotide binding [ ] - cell surface @ 09044451

i

100
kinase activity| @ L] early endosome 4
. p.adjust
@ phosphotransferase activity, alcohol group as acceptor| @ early endosome membrane ® | Count
©.99 03 ® =

protein kinase activity @ late endosome membrane # @ =
B @
peptidyl-prolyl cis-trans isomerase activity # s intrinsic component of endoplasmic reticulum membrane . 100
cis-trans isomerase activity # small nuclear ribonucleoprotein complex
protein self-association vesicle tethering complex-
0.00.08.12.16
GeneRatio GeneRatio
Bow KEGG Path
athway
D Biological process E i
: ; Endocytosis {
regulation of body fluid levels J Y [ ]
DNA conformation change o McroRhAs In;cancer [ ] Count

® 10

p.adjust ]
regulation of microtubule cytoskeleton organization{ @ Melanogenesis ° ®
0925 X @
protein-DNA complex subunit organization{ @ - GABAergic synapse o @ «
o

o075 i i
response to topologically incorrect protein| @ Morphine addiction [ ] @~
protein-DNA complex assembly | @ Count Inositol phosphate metabolism { [ ] padiust
@ ©
water homeostasis | @ @ Hedgehog signaling pathway [ ] o
o=
water ° - Basal cell carcinoma { [ ) 04
" ” 0.2
nucleosome assembly {@ Viral life cycle = HIV=1 )
Glycosaminoglycan
spliceosomal complex assembly ® biosynthesis - heparan{ @
sulfate / heparin
0.00005202530 001 0.02 003 0.04
GeneRatio GeneRatio

Figure 7. Gene Function Annotation and Signal Pathway Analysis

(A) Wayne analysis of upregulated and WGCNA gene sets, downregulated and WGCNA gene sets, and three gene sets.

(B) GO functional annotation - molecular functional analysis.

(C) GO functional annotation - cell functional analysis.

(D) GO functional annotation - biological functional analysis.

(E) KEGG signaling pathway analysis. (Bubble size represents the number of enriched genes, color represents the confidence level of enriched genes, and the

darker the color, the higher the confidence level).

focused on miRNAs with differential expression, especially that are upregulated in in adipose compared to other tissues. miRNAs with high
abundance and differentially upregulated in adipose tissue were inferred to play an important role in adipogenesis, adipocyte proliferation
and differentiation.

WGCNA is a systems biology method describing gene association patterns between different samples, which could be used to obtain
ncRNAs with strong correlation to the target phenotype.™ In this study, circRNAs and miRNAs were obtained by RNA sequencing of different
tissue types, and WGCNA was applied to screen ncRNAs that regulate adipose tissue. The results of differential analysis were then intersected
with those of WGCNA analysis for obtaining ncRNAs with higher confidence. However, circRNAs with higher tissue correlation obtained by
WGCNA were rarely found in differentially expressed analysis, which might due to the tissue specificity of circRNAs. Fortunately, miRNAs with
higher tissue correlation have some intersection with the results of differential expression analysis. For example miR-27b,*" miR-34a,” miR-
30a,** miR-29d-3p*" have been proved to play a vital role during adipogenic differentiation.

The annotation of gene functions helps to understand the function and potential modes of action of ncRNAs.* CircRNAs are able to
interact with parental gene promoters through sequence complementation, ultimately promoting the transcription of genes and triggering
positive feedback loops.* In addition, circRNAs are also involved in complex networks, in which they compete binding miRNAs (ceRNA net-
works) to regulate gene function or even the initiation of gene translation.?’*® Therefore, three annotation approaches were performed in this
study, one for circRNA host genes, the other for miRNA target genes, and the third for genes with circRNA-miRNA-mRNA interactions. The
function of circRNA host genes discovered through gene annotation is quite different from the gene function of circRNAs involved in ceRNA
networks, because the way circRNAs interact with their host genes is mainly as a protective agent to protect the transcription of host genes.”
Therefore, the adipose-related signaling pathways PPAR pathway,*” insulin signaling,”’ AMPK pathway’* and functional ncRNAs (circRNAs
and miRNAs) was identified by target gene prediction of within circRNA-miRNA-mRNA network. Ultimately, ceRNA networks related to
the function adipose was constructed.

Two methods were used to identify the accuracy of the obtained ncRNAs in adipose function. The traditional method is fluorescence
quantitative identification,”® with results consistent with those expected. This was followed by association analysis*"® using phenotypic
data with the ncRNAs obtained by screening (circRNA vs. miRNA) for further validation. The amino acid content in beef affects its flavor
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Figure 8. Fat deposition ncRNA competitive binding network

(A) CircADAMTS16 competitive binding network.

(B) CircANKEF1 competitive binding network.

(C) CircKCNN2 competitive binding network.

(D) CircCAP2 competitive binding network. (The yellow circle represents circRNAs, the red triangle represents interacting miRNAs, the rectangle represents
mRNA, and the green rectangle represents String displaying interacting mRNA).

and meat quality.”®"” Correlation analysis was conducted between the amino acid content in beef and the ncRNA obtained through
screening, and it was determined that circANKEFT, circCAP2, circKCNN2, miR129, miR127, let-7f, and miR-29d-3p can produce key pos-
itive and negative regulation in the process of fat generation. And through preliminary laboratory research, it was found that circCAP2 can
promote fat generation,"® circADAMTS16 can target miR-10167-3p to inhibit differentiation of bovine adipocytes but promote proliferation
of precursor adipocytes.”” Other studies have also shown that miR-129 can inhibit the generation of preadipocytes by targeting G3BP1,”
let-7f can participate in WNT signal transduction through multiple pathways,”’ and overexpression of miR-29d-3p significantly inhibits
genes related to triglyceride synthesis.** The aforementioned discussion indicates that the ncRNAs obtained from these analyses are
ncRNAs that can play a crucial role in the process of adipogenesis, and multiple ncRNA critical ceRNA networks related to fat function
have been identified.

This study aimed to unravel the molecular mechanisms underlying IMF deposition, a crucial factor influencing meat quality, especially in
livestock production. Utilizing whole transcriptome sequencing, the research identified a substantial number of circRNAs and miRNAs across
various tissues in Jiaxian Red Cattle. Notably, 35 circRNAs exhibited specific expression in adipose tissue. By employing WGCNA, the study
pinpointed 32 circRNAs and 46 miRNAs with potential roles in regulating cattle adipocyte proliferation and differentiation. Key players like
circCAP2, circANKEF1, let7 families, miR-29-3p, and miR-127 were identified, forming intricate ncRNA competitive endogenous RNA (ceRNA)
networks linked to fat regulation. Functional analysis further connected these target genes to vital adipose-related signaling pathways,
including PPAR and insulin regulation. These findings provide valuable insights into the development of cattle adipose tissue, offering a foun-
dation for enhancing IMF in Jiaxian Red Cattle breeding programs.

Limitations of the study

The fact that the genomes of cattle are not subdivided among breeds and that the genomes of this species are still being refined has resulted
in our inability to efficiently annotate the most comprehensive set of noncoding RNAs. This problem has caused some inconvenience to our
research and it is hoped that more researchers will continue to work on refining the bovine genome.
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(A) Analysis of sequencing results of four circRNA expression levels in different tissues.

(B) Real time fluorescence quantitative PCR was used to detect the expression levels of four circRNAs.

(C) Analysis of sequencing results of four miRNA expression levels in different tissues.

(D) Real time fluorescence quantitative PCR was used to detect the expression levels of four miRNAs. (mean + SD, n = 3,*p < 0.05. **p < 0.01. ***p < 0.001).
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n =3, *p < 0.05; **p < 0.01, ***p < 0.001).
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Three adult Jiaxian red cattle

Jiaxian Shanniu Breeding Limited
Liability Company, Pingdingshan City,
Henan Province, China

https://aigicha.baidu.com/
company_basic_39302762533147

Critical commercial assays

lllumina HiSeq 2500 sequencing

RNA Extraction Kit
gRT-PCR kit

Shanghai Liebing Biomedical
Technology CoChina,

Ambion,China
TaKaRa,China

https://www.novelbio.com

Cat#12183555CN
Cat#RR047A

Deposited data

Small RNA sequencing of seven different
tissues (heart, liver, spleen, lung, kidney,
muscle, and fat) of Jiaxian Red cattle
Complete Transcriptome sequencing of
seven different tissues of Jiaxian Red Cattle

(heart, liver, spleen, lung, kidney, muscle, fat)

Sequence Read Archive

Sequence Read Archive

Database: PRINA1000257

Database: PRINA1000105

Experimental models: Organisms/strains

Bovine reference genome

Ensembl

Bos_taurus.ARS-UCD1.2.101.gtf

Software and algorithms

miRNA identification(HISAT2)

circRNA identification(HISAT2)

R 4.0.3
Differential Expression Analysis(DESeq?2)

Differential gene upsets analysis(upsetR)

Weighted Gene Co-Expression Network
Analysis(t WGCNA)

TargetScan

miRanda

RNAhybird
Cytoscape
GO/KEGG
corrplotR

GraphPad Prism

{Giraldez, 2018 #83}Benesova, 2021 #67}

{You, 2016 #123}

https://www.R-project.org/
{Anders, 2012 #135}

{Conway, 2017 #136}
{lancu, 2015 #95}

{Hsu, 2007 #8%}

operating environment:linux python=2.7.3

operating environment:linux python=2.7.3
{Doncheva, 2018 #76}

{Hulsegge, 2009 #94}

{Cohen, 2009 #72}

GraphPad Prism version 7

http://daehwankimlab.github.io/
hisat2/download/

http://daehwankimlab.github.io/
hisat2/download/

N/A

https://bioconductor.org/packages/release/
bioc/html/DESeq2.html

https://github.com/hms-domi/UpSetR

https://horvath.genetics.ucla.edu/html/
CoexpressionNetwork/Rpackages/WGCNA/
index.html

https://www.targetscan.org/
vert_72/docs/help.html

http://cbio.mskcc.org/microrna_data/
miRanda-aug2010.tar.gz

https://bibiserv.cebitec.uni
https://cytoscape.org/
https://david.nciferf.gov/

R package

www.graphpad.com

Other

Upstream and downstream analysis code

related to RNAseq (personal blog)

github

https://wsz1207.github.io/
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Yun Ma.
(mayun_666@126.com).

Materials availability

No new unique reagents were generated.

Data and code availability
The original sequencing file has been uploaded to the SRA server of NCBI. Jiaxian red cattle Full Transcriptome Database: PRINA1000105;
Jiaxian red cattle Small RNA Database: PRINA1000257.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Three adult male Jiaxian red cattle, aged 36 months, belonging to the Bos taurus (ID: 9913) species. Additionally, in beef quality research, the
utilization of bulls (male) is more common than that of cows (female). This is because, apart from specific breeding bulls, cows are also
engaged in calving, making them less common for fattening and slaughter purposes.

Ethics statement

Animal experiments were conducted following the Regulations for the Administration of Affairs Concerning Experimental Animals. The
Animal Ethics Committee approved them of Ningxia University (NXU20180607) (Figure S5).

METHOD DETAILS

Sample acquisition and total RNA extraction

Heart, spleen, lung, liver, brain, kidney, longest dorsal muscle and dorsal subcutaneous adipose tissue were collected from three adult Jiaxian
red bulls. Tissue samples were lysed using TRIzol reagent (Ambion, Life Technologies, NY), and then total RNA was extracted according to the
manufacturer’s protocol (Invitrogen, Carlsbad, CA). Enzyme marker (synergy|LX, BioTek) was used to determine the concentration and integ-
rity of RNA.>” Total RNA was stored at -80°C for subsequent experiments.

QUANTIFICATION AND STATISTICAL ANALYSIS
Identification and differential expression analysis of non-coding RNAs in Jiaxian red cattle
The experiment employed the lllumina HiSeq sequencing platform in paired-end mode for high-throughput sequencing of the samples. To
identify circRNAs, specific criteria were adopted based on known circRNA structural and splicing sequence features. These criteria included
GU/AG splice sites at the junction, allowing a maximum of 2 mismatches, and requiring a minimum of 2 reads at the junction within a total size
of 100 kb.> Polished version: miRNA sequencing was performed using the lllumina HiSeq platform in single-end mode for high-throughput
sequencing. To ensure data quality and accuracy, several filtering criteria were applied, including the removal of reads containing 3’ adapter
sequences, reads with ‘N’ bases, and reads with low-quality base scores below specific thresholds. Additionally, reads with polyA/T
sequences and reads with lengths outside the range of 15 to 40 bp were filtered out.>**°

The differential analysis of circRNA expression was conducted using the DESeq package (Version 1.40.1) in R software (Version 4.05),
considering the sample grouping and circRNA-miRNA expression TPM values.”® For the selection of differentially expressed genes, the
UpSetR software (Version 1.4.0) was utilized.”” The differentially expressed non-coding RNAs were identified based on a rigorous filtering
criterion of Log2foldchange >1.7 and a P-value threshold of < 0.05, considering biological replicate samples.”®

Weighted gene co-expression network analysis (WGCNA)

In this study, the R package WGCNA (Version 1.69) was utilized for constructing co-expression networks. Absolute median difference expres-
sion and genes with TPM values greater than 1 were employed for co-expression network analysis. The blockwiseModules function from the
WGCNA package was used for the one-step construction of the co-expression network. Subsequently, the labeled Heatmap function was
employed to perform correlation analysis between phenotype and gene expression data, aiming to identify significantly correlated co-
expression modules. The filtering criteria for module selection were setas r > 0.8 and p < 0.01. After selecting key modules, genes with sig-
nificant gene significance (GS| > 0.4) and module membership (MM] > 0.4) were chosen as key genes for further analysis.”
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Non-coding RNA mechanism prediction and functional enrichment analysis

The analysis of circRNA-miRNA interactions involved the use of RNAHybrid (Version 2.1.2) and miRanda (Version 2.042) tools in the Linux
system. The prediction of miRNA-targeted mRNAs was carried out utilizing RNAHybrid (Version 2.1.2), miRanda (Version 2.042), and the
web-based version of TargetScan (https://www.targetscan.org/vert_72/docs/help.html).© The construction of an interaction network be-
tween non-coding RNAs and mRNAs was accomplished using Cytoscape software (Version 9.2).°" Furthermore, the predicted mRNAs
underwent Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis and visualization using the clus-

terProfiler package in R software (Version 4.0.5).5%%3

Identification of non-coding RNA by qRT PCR and association analysis with amino acids

Specific primers were designed to identify the junction sequences of circRNA by targeting the ends of the adapter sites. Primer pairs were
constructed at the ends of circRNA adapter sites for circRNA identification using real-time quantitative PCR (qRT-PCR). Universal loop primers
and quantitative primers were designed for miRNA reverse transcription and quantification. The PrimeScript™ RT reagent Kit miRNA (TaKaRa)
(RRO47A) was used for circRNA and miRNA reverse transcription.®* Real-time quantitative PCR (QRT-PCR) was performed using the TaKaRa
quantitative kit on a LightCycler® 96 instrument (Roche, Germany) to measure the expression levels of non-coding RNAs. All primers used are
listed in Table S1.

Pearson correlation analysis was used to study the relationship between key genes and amino acid content in the muscles of Jiaxian red
cattle. The results obtained were visualized using the R package corrplot (version = 0.90) in the R package. where |rle (0, 0.33) is a weak cor-
relation, |re [0, 0.66) is a moderate correlation, |r [e 0.66, 1] is a strong correlation, "*" stands for p < 0.05, "**" stands for p < 0.01, and "***"
stands for p < 0.001.%°

Statistical tests

Statistical significance of non-coding RNA expression across seven tissues was analyzed using non-parametric tests or t-tests based on the
distribution characteristics of the data. GAPDH expression level was used as the reference for circRNA detection, while Ué expression level
served as the reference for miRNA examination.®® The relative expression levels of genes were calculated using the 224 method, and a
P-value < 0.05 was considered statistically significant. The letter 'n’ signifies the quantity of animals, while ‘SD’ represents the mean value.
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