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ABSTRACT

Circular RNAs are a class of noncoding RNA with a 
widespread occurrence in eukaryote tissues, and with 
some having been demonstrated to have clear biological 
function. In sheep, little is known about the role of 
circular RNAs in mammary gland tissue, and therefore 
an RNA sequencing approach was used to compare 
mammary gland tissue expression of circular RNAs in 
9 Small Tail Han sheep at peak lactation, and subse-
quently when they were not lactating. These 9 sheep 
had their RNA pooled for analysis into 3 libraries from 
peak lactation and 3 from the nonlactating period. A 
total of 3,278 and 1,756 circular RNAs were identified 
in the peak lactation and nonlactating mammary gland 
tissues, respectively, and the expression and identity of 
9 of them was confirmed using reverse transcriptase-
polymerase chain reaction analysis and DNA sequenc-
ing. The type, chromosomal location and length of the 
circular RNAs identified were ascertained. Forty up-
regulated and one downregulated circular RNAs were 
characterized in the mammary gland tissue at peak lac-
tation compared with the nonlactating mammary gland 
tissue. Gene ontology enrichment analysis revealed that 
the parental genes of these differentially expressed cir-
cular RNAs were related to molecular function, binding, 
protein binding, ATP binding, and ion binding. Five 
differentially expression circular RNAs were selected 
for further analysis to predict their target microRNAs, 
and some microRNAs reportedly associated with the 
development of the mammary gland were found in the 
constructed circular RNA–microRNA network. This 
study reveals the expression profiles and characteriza-
tion of circular RNAs at 2 key stages of mammary gland 

activity, thereby providing an improved understanding 
of the roles of circular RNAs in the mammary gland of 
sheep.
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INTRODUCTION

Circular RNAs are a kind of noncoding RNA. Al-
though the first circular RNA molecules were discovered 
in plant viroids as early as 1976 (Sanger et al., 1976), 
they were assumed to be the product of aberrant RNA-
splicing or molecular flukes; thus, they were ignored for 
a long time. It is now more widely accepted that cir-
cular RNAs can be produced by protein-coding genes 
and that their occurrence is widespread in eukaryotic 
cells (Wilusz, 2018). These circular RNAs are found 
to be generated from back-splicing reactions, in which 
a downstream 5′ splice site (splice-donor) is joined to 
an upstream 3′ splice site (splice-acceptor), or by the 
direct linkage of the 5′ and 3′ ends of linear RNAs 
(Lasda and Parker, 2014). They are stable entities and 
they can accumulate in the cytoplasm. The great ma-
jority of circular RNAs are expressed at low levels, but 
some have 10-fold higher levels of expression than their 
recognized linear mRNAs (Jeck et al., 2013).

Although the function of the vast majority of circular 
RNAs remains unclear, some circular RNAs have mo-
lecular functions that affect phenotype. For example, 
some can function as microRNA sponges, and it has 
been described how they can result in a reduction in mi-
croRNA activity, with an accompanying increase in the 
level of expression of the microRNA targets in mouse 
brain (Hansen et al., 2013) and in human HEK293 cells 
(Memczak et al., 2013). Additionally, the knockdown of 
some circular RNAs can result in decreased expression 
of their parent genes (Zhang et al., 2013), and this sug-
gests a cis-regulatory role in gene expression. In contrast 
though, it has been revealed that one class of exon-
intron circular RNAs associated with RNA polymerase 
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II in humans, promotes or increases the expression of 
their parental genes (Li et al., 2015). Circular RNAs 
can also regulate the alternate splicing of transcripts 
(Lasda and Parker, 2014) and they can be sponges for 
RNA-binding proteins or ribonucleoprotein complexes 
(Hentze and Preiss, 2013). Finally, some circular RNAs 
can be bound by ribosomes and translated into func-
tional proteins in vitro and in vivo (Wang and Wang, 
2015; Legnini et al., 2017). Besides being translated 
themselves, some circular RNAs can also regulate the 
translation of their associated linear mRNAs and bind 
to a range of other proteins (Wilusz, 2018). Taken to-
gether, it can therefore be reasonably suggested that 
circular RNAs are worthy of further investigation and 
that their study may contribute to our understanding 
of the underlying mechanisms controlling complex and 
economically important traits, including the develop-
ment of the mammary gland and milk production.

The mammary gland is a crucial organ in mammals 
and is involved in neonate survival, the acquisition of 
passive immunity, and early-life nutrition. Its develop-
ment involves cyclical and dynamic periods of growth, 
differentiation, milk production, and regression; it un-
derpins milk production for human consumption from 
domesticated species. Many studies have confirmed that 
the development of the mammary gland and lactation 
are coordinated activities, and that they are regulated 
by a large number of expressed genes and noncoding 
RNAs. However, compared with our knowledge of 
mammary gland mRNAs (Paten et al., 2015; Shi et al., 
2015) and microRNAs (Li et al., 2012; Cai et al., 2017), 
little is known about the expression, characterization, 
and function of circular RNAs in the mammary gland.

There are very few reports about the activity of cir-
cular RNAs in the mammary gland, but in humans, 
Xu et al. (2017) found that the number of circular 
RNAs identified in mammary gland tissue (9,665 can-
didates), was higher than in the adrenal gland (2,311 
candidates), the pancreas (1,791 candidates), and the 
thyroid (3,777 candidates). In rats, a total of 6,824 
and 4,523 circular RNAs were found in the mammary 
gland at 2 different stages of lactation (Zhang et al., 
2015), and in cattle, circular RNAs from 4 casein genes 
(CSN2, CSN3, CSN1S1, and CSN1S2) were reported 
to be highly expressed in bovine mammary gland, with 
3 of these being expressed at a higher level on d 90 of 
lactation than on d 250 (Zhang et al., 2016).

There have been no reports on the presence or activ-
ity of circular RNAs in sheep mammary gland, with 
the exception of the study by Hao et al. (2020). They 
compared the expression levels of circular RNAs in 
lactating (20 d postpartum) mammary gland tissue 
from 2 breeds of sheep with different milk production 
performance: low lactation-yield Gansu Alpine Merino 

ewes and high lactation-yield Small Tail Han ewes. In 
contrast in this study, we investigate the circular RNA 
expression profile of mammary gland tissue from the 
same ewes at peak lactation and subsequently in the 
nonlactating period, using a high-throughput RNA se-
quencing (RNA-seq) approach. We describe the type, 
chromosome distribution, and length of these circular 
RNAs and undertake a Gene Ontology (GO) enrich-
ment analysis of the parent genes of the differentially 
expressed circular RNAs. The linear RNA transcrip-
tome of the same ovine mammary gland tissues as 
those used in the study has been previously described 
by Wang et al. (2020).

MATERIALS AND METHODS

Sheep Investigated and RNA Preparation

All experiments were performed in agreement with 
the care and use guidelines of experimental animals 
established by the Ministry of Science and Technology 
of the People's Republic of China (Approval number 
2006–398), and the experimentation was also approved 
by Gansu Agricultural University, Lanzhou, China.

The mammary gland tissues used in the study were 
the same as those investigated by Wang et al. (2020). 
Briefly, 9 healthy, 3-yr-old Small Tail Han sheep ob-
tained from the Jinzihe Sheep Breeding Company 
(Tianzhu County, China) were selected for the study. 
These sheep were all of the same parity (fourth parity) 
and had produced triplet lambs. Mammary gland bi-
opsy tissues were first collected at peak lactation (22 d 
postpartum) and a second biopsy sample was collected 
from the same 9 ewes 25 d after the cessation of lacta-
tion (when the ewes were not pregnant). The collected 
samples were immediately frozen in liquid nitrogen and 
then stored at −80°C until RNA could be extracted.

Total RNA from the mammary gland tissues was 
isolated using TRIzol reagent (Invitrogen, Carlsbad, 
CA). The quantity and quality of the RNA was checked 
using a NanoDrop 8000 spectrophotometer (NanoDrop 
Technologies, Wilmington, DE) and the integrity of the 
RNA was assessed using an Agilent 2100 Bioanalyzer 
(Agilent Technologies, Santa Clara, CA). The RNA 
integrity number (RIN) derived from this technology 
was used to select high quality RNA samples (RIN >7), 
and rRNA was removed from these samples using a 
RiboMinus Kit (Invitrogen). The remaining mammary 
gland RNA was used for the following analyses.

RNA Sequencing and Data Analysis

To minimize the effect of individual ewe variation in 
mammary gland RNA, the RNA was pooled for RNA-
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seq, using an approach described by Paten et al. (2014). 
Briefly, equal volumes of the RNA extracted from the 
9 nonlactating ewe mammary gland tissues were pooled 
into 3 groups of 3 randomly selected samples. Similarly, 
RNA from the 9 ewes at peak lactation were pooled 
into 3 × 3 randomly selected samples.

The pooled RNA samples were paired-end sequenced 
using an Illumina HiSeq 2500 sequencer (Illumina Inc., 
San Diego, CA) by the Shanghai Personal Biotechnol-
ogy Company Ltd. (Shanghai, China). Clean reads 
were obtained by removing low-quality reads with 
quality scores <Q20 (namely, the proportion of read 
bases whose error rate is less than 1%) and removing 
the adapter reads in the raw reads. The clean reads 
were mapped to Oar_rambouillet_v1.0 using HISAT2. 
The software Find_circ (Memczak et al., 2013) was 
then used to identify the circular RNAs. Briefly, 20-
mers from both ends of these reads were extracted and 
aligned independently to the reference genome to find 
unique anchor positions within the splice sites. Anchor 
reads that mapped to the reversed (head-to-tail) orien-
tation, represented circRNA splicing. Anchor alignment 
can be extended such that the original read sequence 
is completely aligned and the inferred breakpoints 
were flanked by GU/AG splice signals. Sequences with 
multiple mappings and ambiguous breakpoints were 
discarded. The type, chromosome distribution and 
length distribution of the circular RNAs identified, 
were statistically analyzed according to the results from 
the identification of find_circ and annotation of the 
reference Oar_rambouillet_v1.0.

The expression level of each annotated circular RNA 
was normalized using a reads per kilobase of transcript 
per million mapped reads (RPKM; a normalized unit 
of transcript expression) approach, and the differen-
tially expressed (between the 2 periods of mammary 
gland development) circular RNAs were identified us-
ing the DEGseq R package (Wang et al., 2010) with the 

parameters of a |fold-change| > 2.0 and P-value <0.05 
being set as the threshold for selecting the differentially 
expressed circular RNAs.

Validation of Circular RNA Presence Using Reverse 
Transcriptase-PCR Amplification  
and DNA Sequencing

Circular RNA has a head-to-tail junction that results 
in a structure that is different to comparable linear 
transcripts. Reverse transcription-PCR (RT-PCR) 
amplification can be used to validate the presence of 
these circular structures. Accordingly, aliquots (2 μL) 
of the RNA samples that were used for the RNA-seq 
analysis, were also used as templates to synthesize 
cDNA using a RT-PCR kit (Takara, Dalian, China). 
The cDNA products were then amplified using PCR 
primers (Table 1) for circ_016906, circ_022214, ciR-
NA_022888, circ_018782, circ_011411, circ_017424, 
circ_021440, circ_014489, and circ_016842. The PCR 
products were checked for quality using agarose gel 
(1.0%) electrophoresis and then sequenced using Sanger 
sequencing and the same PCR primers. The sequences 
of the PCR products were aligned to the sheep refer-
ence genome and RNA-seq data to confirm the location 
of the junction sites in the circular RNAs.

Validation of the RNA-seq Results Using  
Quantitative RT-PCR Analyses

To confirm the reliability of the RNA-seq results, 9 
differentially expressed circular RNAs (circ_016906, 
circ_022214, ciRNA_022888, circ_018782, circ_011411, 
circ_017424, circ_021440, circ_014489, and circ_016842) 
that were the same as those analyzed using RT-PCR 
were subjected to quantitative RT-PCR (RT-qPCR). 
These also used the RNA samples extracted originally 
for the RNA-seq analysis. A cDNA was synthesized us-
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Table 1. PCR primers used to amplify specific circular RNAs

CircRNA  Forward (5′→3′)  Reverse (5′→3′) Amplicon size (bp)

circ_016906  CCCTGTGAGAATGGCTGGAA  CCCTTAGGTGCCCACTTCC 174
circ_022214  TCTCAGAGTCGGGCTTGTC  GTGATGCTCCACCTCTTCC 131
circ_022888  CCCCAGATGTGAGCCTTGA  CTGGCACTTTCATTTCACCTTC 186
circ_018782  CCTGGCGGTCAGCAAGAT  GCCTCGTACACCACCATCTCG 188
circ_011411  AAACATTACCTGCCATCA  GTTTGAGCCTTTCCTTGC 240
circ_017424  GGGACTCCCATTATTTCA  ATCCAGTTGAGCCCTTTA 170
circ_021440  CCTTCCCTCCTGTCAATA  CACCGTCTTTCCATTTCT 170
circ_014489  TGCCACGTCTAGGTGAGCC  CCAGTCCCTCCTTGTCCC 115
circ_016842  CCGAGTGGGTGTTTGTCT  GTGGCTCACTGGTTTGCT 180
PRPF3  ACAGATGATGGAAGCAGCAA  GGTTGGGAGGATGAAGGAGT 101
CUL1  AAAAATACAACGCCCTGGTG  CTGAGCCATCTTGGTGACTG 116



Journal of Dairy Science Vol. 104 No. 2, 2021

2399

ing an RT-PCR kit (Takara, Dalian, China), and then 
RT-qPCR reactions were performed in triplicate using 
a SYBR qPCR Master Mix (Applied Biosystems, Fos-
ter City, CA) on an Applied Biosystems QuantStudio 6 
Flex (Thermo Lifetech, Waltham, MA) platform. The 
genes PRPF3 and CUL1 were used as reference genes 
for standardization as suggested by Paten et al. (2014). 
The primers used for the RT-qPCR were the same as 
those used for the RT-PCR (Table 1) and the relative 
expression levels were calculated using a 2-ΔΔCt method 
(Livak and Schmittgen, 2001).

Gene Ontology Enrichment Analysis and Target 
MicroRNA Predictions

Gene Ontology enrichment analysis was used to in-
vestigate the main functions of the parent genes of the 
differentially expressed circular RNAs using the DAVID 
tool (https: / / david .ncifcrf .gov). The target microRNAs 
of 5 of the differentially expressed circular RNAs were 
predicted using the miRanda algorithm (Miranda et 
al., 2006) and the interaction network of the circular 
RNAs and their target microRNAs was analyzed using 
starBase and then drawn using Cytoscape (Smoot et 
al., 2011).

RESULTS

Identification of Circular RNAs in the Ovine 
Mammary Gland Tissue

A total of 109,543,510 and 107,562,553 clean reads 
that could be mapped to the ovine genome assembly 
Oar_rambouillet_v1.0 were obtained from mammary 
gland tissue at peak lactation and during the nonlactat-
ing period, respectively. Circular RNAs were detected 
in mammary gland tissue at both peak lactation (n = 
3,278) and in the nonlactating period (n = 1,756). Of 
all the circular RNAs detected, 1,108 circular RNAs 
(28.22%) were expressed in both periods. Most notably, 
all 4 casein-coding genes (CSN2, CSN1S1, CSN1S2, 
and CSN3) and 2 whey protein-coding genes (BLG and 
LALBA), produced circular RNAs in the ovine mam-
mary gland tissue at peak lactation.

Authentication of the Sheep Mammary Gland  
Tissue Circular RNAs

To validate the authenticity of the circular RNAs 
identified, RT-PCR amplification and DNA sequencing 
were performed on 9 selected circular RNAs. The RT-
PCR results revealed that all 9 circular RNAs could be 

detected and that they produced a band on agarose gel 
electrophoresis of the expected size (Figure 1a). DNA 
sequencing confirmed the presence of head-to-tail splice 
junctions as suggested by the RNA-seq analyses (Fig-
ure 1b) and the size of the circular RNAs.

Characterization of Circular RNAs in the Ovine 
Mammary Gland Tissue

Of the 6 circular RNAs types identified based on the 
mapping of the circular RNAs to the sheep genome 
(Oar_rambouillet_v1.0), annotated exons (annot_ex-
ons) were the most common sequences identified, ac-
counting for 80.9 and 69.9% of the circular RNAs in the 
peak lactation and nonlactating mammary gland tissue 
respectively. This was followed by one_exon (6.1 and 
8.3%) circular RNAs. The remaining circular RNAs 
were smaller amounts of intron_exon, intergenic, an-
tisense and intron (Figure 2a) sequences. The circular 
RNAs identified in the study were widely distributed 
across all the ovine chromosomes, including the X chro-
mosome, but the greatest number were concentrated 
on chromosomes 1 to 3 (Figure 2b). The length of the 
majority of circular RNAs was less than 1 kb (Figure 
2c).

Analysis of Differentially Expressed Circular RNAs 
and GO Enrichment Analysis of the Parent Genes

Forty-one differentially expressed circular RNAs 
were identified in comparing mammary gland tissue at 
peak lactation with mammary gland tissue from the 
nonlactating period. These included 40 upregulated 
circular RNAs and one downregulated circular RNA in 
the mammary gland tissue at peak lactation (Table 2). 
Of all the upregulated circular RNAs in the mammary 
gland tissue at peak lactation, 2, one and one circular 
RNAs were derived from BLG, CSN2 and LALBA, 
respectively.

To validate the reliability of our RNA-seq results, 
8 upregulated circular RNAs and one downregulated 
circular RNA in the peak-lactating samples, were 
selected and subjected to RT-qPCR analysis. These 
were the same circular RNAs as those used for the RT-
PCR validation (i.e., BLG for circ_016906, ATP2C2 
for circ_022214, AHNAK for ciRNA_022888, COPG1 
for circ_018782, SLC39A8 for circ_011411, CSN2 for 
circ_017424, ENSOARG00000007064 for circ_021440, 
BLG for circ_014489 and ATP2C2 for circ_016842). 
The results from the RT-qPCR were consistent with 
those obtained from the RNA-seq analysis. For exam-
ple, circ_017424 and circ_014489 were only expressed 
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in the mammary gland tissue at peak lactation. As the 
log2 fold-change for peak lactation relative to the non-
lactating period was infinity for these 2 circular RNAs, 
their relative expression level are not shown in Figure 3.

The expression level of circRNA_022888 was lower 
in the mammary gland tissue samples at peak lactation 

than in the nonlactating period mammary gland tissue 
samples, whereas the expression level of circ_016906, 
circ_022214, circ_018782, circ_011411, circ_021440, 
and circ_016842 was higher in the mammary gland tis-
sue samples at peak lactation (Figure 3). These results 
suggest that the RNA-seq results are reliable and that 
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Figure 1. Validation of the presence of selected circular RNAs in ovine mammary gland tissue. (A) Reverse transcriptase-polymerase 
chain reaction (RT-PCR) amplimers derived from the circular RNAs using divergent primers for ovine mammary gland RNA. M: Marker; 1: 
circRNA_016906; 2: circRNA_022214; 3: circRNA_022888; 4: circRNA_018782; 5: circRNA_011411; 6: circRNA_017424; 7: circRNA_021440; 
8: circRNA_014489; 9. circRNA_016842. (B) The head-to-tail splice junctions for the circRNAs were confirmed by DNA sequencing and are 
marked with a red arrow on the DNA sequence chromatograms.
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the circular RNAs identified in the study, reflect dif-
ferential expression in vivo in mammary gland tissue 
that was at different stages of development.

To further understand the potential functional 
pathways of the differentially expressed circular RNAs 
between the 2 stages of mammary gland development, 
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Figure 2. General characteristics of the circular RNAs in the ovine mammary gland tissue. (a) The circular RNA types in the peak lactation 
mammary gland tissue and the nonlactating period mammary gland tissue. (b) The chromosomal location of origin of the circular RNAs in the 
ovine mammary gland tissue. (c) The length distribution of the circular RNAs from the ovine mammary gland tissue.
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a GO enrichment analysis of the parental genes of the 
differentially expressed circular RNAs was performed. 
According to 3 classifications of GO, the most enriched 
biological process (GO-BP) terms were biological_pro-
cess, single-organism process, cellular process, single-
organism cellular process, and biological regulation; the 
most enriched cell component (GO-CC) terms were 
membrane, membrane-bounded organelle, organelle, 
cell, and cell part; and the most enriched molecular 
function (GO-MF) terms were molecular_function, 

binding, protein binding, ATP binding, and ion binding 
(Figure 4).

The Target MicroRNAs of the Differentially 
Expressed Circular RNAs

The results from the miRanda analysis revealed a 
total of 1,423 target microRNAs identified to the 41 
differentially expressed circular RNAs. Of the 41 dif-
ferentially expressed circular RNAs, 4 upregulated 
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Table 2. Differentially expressed circular RNAs from a comparison of mammary gland tissue at peak lactation and from during the nonlactating 
period in sheep1

ID  Gene name
BaseMean 

Peak2
BaseMean 

Non3
Fold 

change
Log2 fold 
change P-value  Change4

circ_022214  ATP2C2 789.12 0.93 848.52 9.73 7.89E-19 Upregulated
circ_011411  SLC39A8 656.39 5.23 125.50 6.97 7.18E-09 Upregulated
circ_016906  BLG 316.56 1.56 202.92 7.66 1.29E-05 Upregulated
circ_021440  ENSOARG00000007064 289.32 3.23 89.57 6.48 0.0001 Upregulated
circ_014121  OBP2A 103.15 0 Inf Inf 0.0002 Upregulated
circ_016842  ATP2C2 136.55 0.38 359.34 8.49 0.0003 Upregulated
circ_008383  Intergenic 73.58 0 Inf Inf 0.0015 Upregulated
circ_014489  BLG 65.36 0 Inf Inf 0.0016 Upregulated
circ_022150  Metazoa_SRP 557.16 125.53 4.44 2.15 0.0056 Upregulated
circ_023810  ENSOARG00000001834 53.29 0 Inf Inf 0.0078 Upregulated
circ_008952  LALBA 49.35 0 Inf Inf 0.0146 Upregulated
circ_018782  COPG1 369.33 66.52 5.55 2.47 0.0153 Upregulated
circ_024119  HIPK3 46.50 0 Inf Inf 0.0173 Upregulated
circ_017031  MFSD6 39.43 0 Inf Inf 0.0185 Upregulated
circ_009591  MFSD6 37.43 0 Inf Inf 0.0185 Upregulated
circ_012459  COBLL1 37.45 0 Inf Inf 0.0191 Upregulated
circ_000902  WHSC1 34.69 0 Inf Inf 0.0198 Upregulated
circ_001211  CDH1 33.13 0 Inf Inf 0.0199 Upregulated
circ_017424  CSN2 32.15 0 Inf Inf 0.0201 Upregulated
circ_001879  XDH 31.77 0 Inf Inf 0.0204 Upregulated
circ_002662  MID2 28.24 0 Inf Inf 0.0212 Upregulated
circ_010404  Intergenic 27.23 0 Inf Inf 0.0215 Upregulated
circ_005803  SLC20A2 26.13 0 Inf Inf 0.0216 Upregulated
circ_015064  LONP2 25.21 0 Inf Inf 0.0226 Upregulated
circ_017249  SLC39A8 25.30 0 Inf Inf 0.0228 Upregulated
circ_021892  MPP6 25.47 0 Inf Inf 0.0233 Upregulated
circ_011582  TC2N 22.16 0 Inf Inf 0.0252 Upregulated
circ_017782  PRRC1 21.79 0 Inf Inf 0.0261 Upregulated
circ_002288  FOXO3 20.69 0 Inf Inf 0.0265 Upregulated
circ_015322  KIAA1324 20.28 0 Inf Inf 0.0267 Upregulated
circ_006972  ACACA 20.43 0 Inf Inf 0.0282 Upregulated
circ_020783  FCHSD2 20.27 0 Inf Inf 0.0300 Upregulated
circ_001091  PPAP2A 19.56 0 Inf Inf 0.0341 Upregulated
circ_ 002602  ABCG2 17.50 0 Inf Inf 0.0352 Upregulated
circ_ 014277  KAT2B 15.65 0 Inf Inf 0.0385 Upregulated
circ_015262  TNFRSF21 11.95 0 Inf Inf 0.0403 Upregulated
circ_002235  SEMA3A 11.13 0 Inf Inf 0.0419 Upregulated
circ_002931  PRKAA1 11.08 0 Inf Inf 0.0420 Upregulated
circ_023779  PLIN2 10.38 0 Inf Inf 0.0436 Upregulated
circ_ 006393  MAP2K4 10.28 0 Inf Inf 0.0463 Upregulated
circ_022888  AHNAK 82.59 432.15 0.19 −2.39 0.0166 Downregulated
1Inf = infinity.
2BaseMean is used to homogenize the expression of the gene in both the total sample and the single sample in the DEGSeq R package (Wang 
et al., 2010). BaseMean Peak is the BaseMean value at peak lactation.
3BaseMean Non is the BaseMean value in the nonlactating period.
4The difference in the expression of a specific circular RNA in the peak lactation mammary gland tissue, compared with the nonlactating period 
mammary gland tissue.
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circular RNAs and 1 downregulated circular RNA in 
the mammary gland tissue at peak lactation were then 
selected to study the interaction of the circular RNAs 
and their target microRNAs. These included the only 
downregulated circular RNA (circ_022888), the most 
common upregulated circular RNA (circ_022214), 2 
circular RNAs derived from BLG (circ_016906 and 
circ_014489), and one circular RNA derived from 
LALBA (circ_008952).

There were 456 target microRNAs in total for these 
5 circular RNAs, ranging from 5 target microRNAs for 
circ_022214 to 152 targets for circ_008952. For each 
circular RNA, the target microRNAs with the largest 
total score and absolute value of total energy were se-
lected from the 456 target microRNAs, and a circular 
RNA–microRNA interaction network was constructed 
(Figure 5). Some microRNAs that have been previously 
reported to be associated with mammary gland devel-
opment and lactation were identified in this analysis, 
including miR-200a, miR-200b, miR-21, miR-181a, 
miR-107, miR-23a, miR-23b, miR-103, and miR-362 
(Rogler et al., 2009; Finnerty et al., 2010; Li et al., 
2012; Galio et al., 2013).

DISCUSSION

As a consequence of technical limitations and the low 
expression level of most circular RNAs, few circular 
RNAs were found in eukaryotes until the appearance of 
RNA sequencing technologies such as RNA-seq. Stud-

ies have now demonstrated that RNA-seq technology 
is powerful and capable of accurately identifying and 
characterizing circular RNAs, and recently thousands 
of unique circular RNAs have been annotated in a vari-
ety of species based on the use of RNA-seq.

Measurement noise has been a challenge in analyz-
ing RNA-seq data. Therefore, RT-qPCR has been used 
to validate the occurrence of circular RNAs originat-
ing from RNA-seq in sheep and cattle due to its high 
sensitivity and accuracy (Li et al., 2017a, b; Gao et 
al., 2018; Hao et al., 2020). Although a good overall 
agreement for relative expression levels has been found 
between RT-qPCR and RNA-seq, some differences in 
expression level measurements can also be observed 
(SEQC/MAQC-III Consortium, 2014). Defining com-
mon trends in expression between different samples has 
therefore become an accepted way of validating RNA-
seq results with RT-qPCR, and our results support this 
approach (Figure 3).

In the study, 2 periods of mammary gland develop-
ment were selected, with the nonlactating ewes being 
sampled on d 25 after the cessation of lactation. The 
nonlactation period investigated in the study therefore 
coincides with involution of the mammary gland, as Ta-
tarczuch et al. (1997) found that the ovine mammary 
gland was completely involuted by 30 d after weaning 
in sheep.

The pooling of samples in biomedical studies has now 
become a common practice. For example, >15% of the 
data sets deposited in the Gene Expression Omnibus 
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Figure 3. A comparison of circular RNA levels using the RNA-seq results and the quantitative reverse transcriptase-polymerase chain reac-
tion (RT-qPCR) results for 7 differentially expressed circular RNAs. Three independent replicates were used for each sample, and error bars 
illustrate SD of the means.
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database involved pooled RNA samples (Kendziorski et 
al., 2005). Kendziorski et al. (2005) also acknowledged 
that inference for most genes was not adversely affected 
by pooling and thought that pooling is beneficial when 
many subjects are pooled, provided that independent 
samples contribute to multiple pools. Paten et al. (2014, 
2015) also justify the use of pooling and observed that 
pooling can accommodate the variation that can occur 
between individual samples in ovine mammary gland 

tissues. Our approach was planned based on the Paten 
et al. (2014) and Paten et al. (2015) studies and this 
means our comparison would be between an average 
expression profile for the 2 periods.

However, caution is needed in using this approach, as 
Rajkumar et al. (2015) found lower positive predictive 
value for the differentially expressed genes in pooled 
samples. In this study, interindividual variation may 
be quite important in discerning between differentially 
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Figure 4. Most common Gene Ontology terms of the parental genes from which the differentially expressed circular RNAs were derived, 
when comparing the mammary gland tissue from ewes at peak lactation and in the nonlactating period.

Figure 5. The circular RNA–microRNA interaction network. The triangles and inverted triangle represent upregulated and downregulated 
circular RNAs in the mammary gland tissue from ewes at peak lactation versus nonlactating ewes, respectively. The gray circles represent the 
predicted target microRNAs for the 5 differentially expressed circular RNAs.
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expressed circular RNAs that occur because of causal 
effects, and the presence of differentially expressed 
circular RNAs that occur as a consequence of individ-
ual-specific environmental effects. In this context, the 
pooling of samples may have limited the study, as it 
is impossible to easily distinguish between coincidental 
environmental effects and causal effects.

In our study, 3,278 and 1,756 circular RNAs were 
identified and annotated in mammary gland tissue from 
sheep at peak lactation and in the nonlactating period, 
respectively. Only 1,108 of these circular RNAs were 
expressed at both stages of mammary gland develop-
ment. The number of circular RNAs identified at peak 
lactation in this study was very similar to what was 
described by Hao et al. (2020), who described an aver-
age of 4,020 circular RNAs in ovine mammary gland at 
lactation (20 d postpartum) from low lactation-yield 
Gansu Alpine Merino ewes and high lactation-yield 
Small Tail Han ewes. Additionally, in cattle mammary 
glands, there were 4,804 and 4,048 distinct circular 
RNAs identified on d 90 and d 250 postpartum, re-
spectively (Zhang et al., 2016). The number of circular 
RNAs we identified in the nonlactating mammary gland 
tissue could not be compared, as there is an absence of 
relevant studies for comparison.

Compared with circular RNA presence in other tis-
sues from sheep, the total number of circular RNAs 
identified here was less than has been described for 
muscle and pituitary gland, with 6,113 and 10,226 
circular RNAs being identified respectively (Li et al., 
2017a, b). This likely reflects tissue-specific expression 
patterns, and the unique character of the different tis-
sues. In this respect, differential tissue-specific expres-
sion of circular RNAs has also been reported in humans 
(Rybak-Wolf et al., 2015) and pigs (Huang et al., 2018).

Our observation that the majority of circular RNAs 
detected mapped to protein-coding exons, is consistent 
with findings in dairy cows (Zhang et al., 2016), other 
cattle (Gao et al., 2018), and humans (Guo et al., 2014). 
Other types of circular RNAs that have been identified 
in humans (Memczak et al., 2013) were also found in 
the study, including intergenic, antisense, intron_exon, 
and intronic circular RNAs, and these circular RNAs 
have been described in mammary gland tissues from 
sows (Sun et al., 2020), dairy cows (Zhang et al., 2016), 
and rats (Zhang et al., 2015). For example, intergenic 
circular RNAs accounted for 5.2 and 3.0% of all circu-
lar RNAs in lactating sows (Sun et al., 2020) and dairy 
cows (Zhang et al., 2016), respectively. It is noteworthy 
that of annot_exons circular RNAs identified in the 
study, the majority of circular RNAs consisted of exons 
from a unique gene, whereas 63 of circular RNAs were 
found to include multiple exons that originated from 2 

genes. Why circular RNAs from 2 different genes occur 
and what roles they may play are not clear, and they 
need to be studied in greater detail in future. Most the 
circular RNAs detected in the sheep mammary gland 
were short, being less than 1 kb in length, and this is 
also consistent with results from the analysis of circular 
RNA from the mammary gland of dairy cows (Zhang 
et al., 2016) and testis of cattle (Gao et al., 2018). 
Ovine chromosomes 1 to 3 produced the most circular 
RNAs in this study, which is perhaps unsurprising as 
these chromosomes are the largest in size, and comprise 
approximately 28.8% of the total length of the genome 
(Oar_rambouillet_v1.0; https: / / www .ncbi .nlm .nih 
.gov/ genome/ ?term = Oar_rambouillet_v1.0).

It was noteworthy that 4 milk casein-encoding genes 
(CSN2, CSN1S1, CSN1S2, and CSN3) and 2 milk whey 
protein-encoding genes (BLG and LALBA) produced 
circular RNAs in the peak lactation mammary gland 
tissue. In the mammary gland of dairy cattle, it was 
also found that all 4 milk casein-coding genes produced 
circular RNAs (Zhang et al., 2016). In a previous study 
of ovine mammary gland transcriptome at peak lacta-
tion (20 d postpartum) from low lactation-yield Gansu 
Alpine Merino ewes and high lactation-yield Small Tail 
Han ewes (Hao et al., 2019), CSN2 was found to be the 
most abundant gene expressed, with the highest RPKM 
value at peak lactation in the mammary gland tissue. 
However, in this study, and unlike the other 5 genes, 
CSN2 only produced one circular RNA (circ_017424). 
This is perhaps not surprising as Zhang et al. (2016) 
also only detected a single CSN2 circular RNA in the 
mammary gland of dairy cows.

The circular RNAs circ_016906 and circ_014489 
both originated from BLG and the same 133 target mi-
croRNAs were identified for both. The presence of both 
of these circular RNAs was confirmed by RT-PCR and 
sequencing and the latter analysis confirmed they were 
unique circular RNAs. By aligning the sequences of the 
2 circular RNAs to ovine BLG (GenBank accession no. 
X12817.1; Harris et al.,1988), it was found that the 2 
circular RNAs included the entirety of exon 1, exon 2, 
exon 3, and exon 5, and part of exon 4 and the pro-
moter, with the difference being that circ_016906 also 
included part of intron 6. This difference in sequence 
between circ_016906 and circ_014489 may result in 
them occupying different cell locations and having dif-
ferent functions.

It has been suggested that circular RNAs containing 
intronic sequences are mainly located in the nucleus 
and are involved in the regulation of expression of their 
parent genes (Zhang et al., 2013). For example, Li et 
al. (2015) described how intron_exon circular RNAs 
can have a retained intron that allows them to interact 
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with U1 snRNP to form a complex. The intron_exon 
circular RNA-U1 snRNP complexes can then further 
interact with the polymerase II transcription complex 
located at the promoters of their parent genes to en-
hance gene expression. Intron_exon circular RNAs may 
also regulate the expression of the parental genes tran-
scriptionally to increase levels of both the circular RNA 
and the mRNA (Li et al., 2015). This may explain why 
in our findings circ_016906 had a 5.72-fold higher level 
of expression than circ_014489 in the peak lactation 
mammary gland tissue.

Exon-only circular RNAs are primarily located in 
the cytoplasm and can function as microRNA sponges 
(Zhang et al., 2013). The microRNAs are ~21-nt 
noncoding RNAs that inhibit protein synthesis by 
repressing translation, or by promoting the degrada-
tion of their target mRNAs (Carrington and Ambros, 
2003). Increasingly evidence suggests that the circular 
RNAs thereby inhibit or relieve the repression of target 
mRNAs by microRNAs, and that this is a general phe-
nomenon (Hansen et al., 2013).

Of the 40 upregulated circular RNAs in the mam-
mary gland tissue at peak lactation, 83% (i.e., 33/40) 
were only expressed in the peak lactation mammary 
gland tissue and not in the nonlactating tissue. These 
included the CSN2 circular RNA (circ_017424), LAL-
BA circular RNA (circ_008952), BLG circular RNA 
(circ_014489), PPAP2A circular RNA (circ_001091), 
and PLIN2 circular RNA (circ_023779). The expres-
sion of specific circular RNAs at this stage of mammary 
gland development is consistent with the parent genes 
of these circular RNAs being involved in the synthesis 
and secretion of proteins and lipids in milk, with, for 
example, CSN2, LALBA, and BLG producing key pro-
tein components ovine milk (Suárez-Vega et al., 2016). 
Additionally, the protein encoded by PPAP2A belongs 
to the phosphatidic acid phosphatase family and plays 
a role in the synthesis of glycerolipids, which can trans-
form phosphatidic acid into diacylglycerol (Tang et al., 
2015). The protein PLIN2 is a member of the perilipin 
family of lipid droplet proteins and plays a role in both 
the formation and secretion of milk lipids (Chong et 
al., 2011).

Compared with the elevated expression levels of 
mRNAs in the mammary gland transcriptome analy-
sis of Wang et al. (2020), the expression levels of the 
circular RNAs were comparatively low. For example, 
that study reported that the RPKM value of CSN2, 
BLG, and LALBA was 25,919, 17,171, and 11,234 
respectively, in mammary gland tissue at peak lac-
tation. However, the circular RNAs identified here 
that corresponded to these gene transcripts were 317 
(circ_017424), 423 (circ_014489) to 792 (circ_016906), 

and 215 (circ_008952), respectively. It was further 
found that the total RPKM values of all the circular 
RNAs identified in the study only accounted for 0.2 to 
0.3% of the mRNA, when comparing total RPKM for 
the circular RNAs with those for the mRNAs (Wang et 
al., 2020). This is consistent with the findings of Guo et 
al. (2014) in humans, where it was also observed that 
the majority of circular RNAs were expressed at lower 
levels than their canonical linear mRNAs. How such 
low levels of expression can have a physiological effect 
on mammary gland development is a mystery, but one 
possible explanation may be that these circular RNAs 
can either be involved in a catalytic role, or interact 
with other molecules that have important functions 
(Guo et al., 2014). Li et al. (2015) suggested that for 
the cis-effect of circular RNAs on their parent genes, 
the abundance of individual circular RNAs does not 
necessarily need to be high for the effect to occur.

In this study, most of the differentially expressed 
circular RNAs exhibited a similar direction of change 
in expression (up or down), when compared with their 
parent genes as described by Wang et al. (2020). For 
example, the AHNAK transcript, which corresponded 
to the only downregulated circular RNA (circ_022888) 
in this study, was revealed by Wang et al. (2020) to 
have a lower level of expression in the mammary gland 
at peak lactation. The parent genes corresponding to 
40 upregulated circular RNAs described here, were also 
expressed at higher levels in peak lactation mammary 
gland tissue than in nonlactating mammary gland tissue 
(Wang et al., 2020). Taken together, this would suggest 
that these differentially expressed circular RNAs and 
their parent genes may play similar roles in both the 
nonlactating and lactation periods.

In comparing the expression levels of some of the 
circular RNAs reported, with the parent genes (as 
described by Wang et al. (2020)), a positive relation-
ship is observed for some genes, but not for others. 
For example, the expression level of circ_016906 had 
a strong positive correlation (r = 0.836) with its par-
ent gene BLG for 3 pooled samples at peak lactation 
period. A connection between circular RNA levels and 
the level of expression of the parent genes in mam-
mary gland tissue was also described by Zhang et al. 
(2016). In contrast, for circ_015322 in this study (aver-
age BaseMean 20), there was no obvious relationship in 
expression of 3 samples with its parent gene KIAA1324 
(average BaseMean 10,472) in Wang et al. (2020) at 
peak lactation period. The failure to find a relationship 
may be a consequence of the circular RNA acting as 
a microRNA sponge, and not necessarily because of 
activity associated with the parent gene. Wilusz (2018) 
also suggested that there is often no clear correlation 
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between expression levels of circular RNAs and their 
corresponding mRNAs. Taken together this suggests 
that the relationship between circular RNAs and their 
parent genes is complex.

The GO analyses revealed the main functions of the 
parent genes of the differentially expressed circular 
RNAs were related to molecular function, binding, 
protein binding, ATP binding, and ion binding in 
biological_process, single-organism process, cellular 
process, and biological regulation in cells, especially in 
organelles. This is consistent with the most enriched 
GO categories for the target genes of microRNAs in the 
mammary gland of lactating Laoshan dairy goats, these 
being associated with cellular process and biological 
regulation in the GO-BP, cell, cell part, organelle, and 
membrane-bounded organelle in the GO-CC, and bind-
ing and ion binding in the GO-MF (Ji et al., 2012). Dai 
et al. (2018) found the upregulated genes were signifi-
cantly enriched in membrane and organelle processes 
in mammary gland during lactation compared with 
the dry period for Holstein dairy cows. They suggested 
that these biological processes and molecular functions 
were important for lactation or mammary gland de-
velopment in domestic animals, given the observation 
that milk proteins are synthesized in an organelle (the 
endoplasmic reticulum) and that their production is an 
energetically costly process.

Some single circular RNA appeared to target a range 
of different microRNAs, whereas other circular RNAs 
only appear to interact with a single target microRNA. 
For example, circ_008952 could potentially interact 
with 152 target microRNAs, whereas circ_016906, 
circ_014489 and circ_008952 appear to only potentially 
interact with a single target microRNA. This finding is 
consistent with a previous study of muscle tissue gene 
expression in sheep (Li et al., 2017b), with them report-
ing that one circular RNA (circ_0000385) could poten-
tially target 93 microRNAs, whereas circ_000385 and 
circ_0000582 only appeared to interact with miR-107.

Of the target microRNAs identified in the study, 
some had previously been reported to be associated 
with mammary gland development and lactation. For 
example, miR-107 has been reported to be involved in 
the metabolism of cellular lipids and thus the regula-
tion of lactation (Finnerty et al., 2010; Li et al., 2012). 
The microRNA miR-23b may be involved in the de-
velopment of the mammary gland duct system in mice 
(Rogler et al., 2009), although miR-374b, miR-362, 
miR-29, miR-181a, and miR-125b in dairy cows (Li et 
al., 2012); miR-103, miR-30a-5p, miR-148a, and miR-
143 in swamp buffalos (Cai et al., 2017); and miR-200 
in sheep (Galio et al., 2013) appear to have different 
expression levels in the different mammary gland de-
velopment stages. It is therefore suggested that the 

circular RNAs found in the study may play key roles 
in mammary gland development. It is interesting to 
note that some upregulated circular RNAs had higher 
expression levels at peak lactation than during the non-
lactating period in this study, yet in buffalo, the poten-
tial target microRNAs such as miR-103, miR-30a-5p, 
and miR-148a had similar levels of expression during 
lactation compared with the nonlactating period (Cai 
et al., 2017). A similar consistent pattern of microRNA 
expression has been described for miR-125b and miR-
181a in dairy cows (Li et al., 2012). Overall, there have 
been no definitive reports describing the relationship 
between circular RNA expression levels and target mi-
croRNA levels, so this will need to be studied in future.
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