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Abstract
Background One of the most critical periods for the loss of pig embryos is the 12th day of gestation when 
implantation begins. Recent studies have shown that non-coding RNAs (ncRNAs) play important regulatory roles 
during pregnancy. Circular RNAs (circRNAs) are a kind of ubiquitously expressed ncRNAs that can directly regulate the 
binding proteins or regulate the expression of target genes by adsorbing micro RNAs (miRNA).

Results We used the Illumina Novaseq6,000 technology to analyze the circRNA expression profile in the 
endometrium of three Erhualian (EH12) and three Yorkshire (YK12) pigs on day 12 of gestation. Overall, a total of 
22,108 circRNAs were identified. Of these, 4051 circRNAs were specific to EH12 and 5889 circRNAs were specific to 
YK12, indicating a high level of breed specificity. Further analysis showed that there were 641 significant differentially 
expressed circRNAs (SDEcircRNAs) in EH12 compared with YK12 (FDR < 0.05). Functional enrichment of differential 
circRNA host genes revealed many pathways and genes associated with reproduction and regulation of embryo 
development. Network analysis of circRNA-miRNA interactions further supported the idea that circRNAs act as 
sponges for miRNAs to regulate gene expression. The prediction of differential circRNA binding proteins further 
explored the potential regulatory pathways of circRNAs. Analysis of SDEcircRNAs suggested a possible reason for the 
difference in embryo survival between the two breeds at the peri-implantation stage.

Conclusions Together, these data suggest that circRNAs are abundantly expressed in the endometrium during the 
peri-implantation period in pigs and are important regulators of related genes. The results of this study will help to 
further understand the differences in molecular pathways between the two breeds during the critical implantation 
period of pregnancy, and will help to provide insight into the molecular mechanisms that contribute to the 
establishment of pregnancy and embryo loss in pigs.
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Introduction
Sow fecundity is an important factor affecting the eco-
nomic benefits of pig farming, of which litter size is the 
most important indicator of sow fecundity, which is 
affected by ovulation number, fertilization rate, embryo 
mortality, uterine volume and other factors [1, 2]. 
Although sow fertility is directly related to ovulation rate, 
the major barrier to increasing litter size of piglets is pre-
natal mortality [3].

Embryo implantation is a complex process of interac-
tion between the embryo and the endometrium, which 
involves a variety of kinins, cytokinins and adhesion fac-
tors [4]. The porcine morula is formed about 4–5 days 
after fertilization, and the blastocyst is formed about 6–7 
days after fertilization. The embryo migrates from the 
8th day to the 12th day of pregnancy and the uterus is 
equidistant, with dramatic morphological changes from 
spherical to tubular to filamentous [5]. Porcine embryo 
implantation begins on the 10th to 13th day of preg-
nancy, and the conceptuses begin producing estradiol-17 
(E2) on Days 11–12 of gestation [6], when the porcine 
endometrium opens the “window period” of implanta-
tion, the endometrium is in the receptive state, allowing 
the blastocyst to attach to it [7], and the embryo secrets 
signal peptides (such as estradiol 17β) to make the endo-
metrium accept and the embryo implantation begins [8]. 
The process of embryo implantation is accompanied by 
a transition in the polarity of the uterine luminal epithe-
lium from a hyperpolar state to a hypopolar state and 
the secretion of glandular epithelium (GE) [9–11]. The 
normal endometrium allows embryo implantation only 
during a very short critical period, which represents the 
most receptive period of the endometrium and is known 
as the “implantation window“ [12]. Pig embryos complete 
implantation around day 18 to day 24 [13, 14]. During 
the entire gestation of pigs, about 20–45% of embryos 
are lost during pig gestation, and of these, embryo loss 
occurs mainly during maternal recognition and implan-
tation [15, 16], with approximately 20–30% of embryo 
deaths occurring during the peri-implantation period at 
gestation day (GD) 11–12 [17], which represents a major 
challenge for the commercial swine industry.

Erhualian (EH) and Meishan (MS), both native Chinese 
pig breeds belonging to the Taihu Lake (TL) region of 
eastern China, are well documented for their extraordi-
nary prolificacy [18, 19], among which the reproductive 
mechanism of Meishan has been studied for more than 
30 years, and each litter size is 3 to 5 more than European 
and North American commercial breeds such as Large 
White (LW), although they have similar ovulation rates 
[6]. At a certain level of ovulation rate (OR), the MS breed 
has more litters by increasing pre-partum survival (PS) 
[20], and in addition, the Taihu pigs show a high degree 
of maternal heterogeneity in litter size when crossed with 

western breeds [21]. Before GD11, there was no differ-
ence in embryo survival between different pig breeds, 
but Meishan pigs had improved embryo survival at GD12 
compared to Landrace × Large Yorkshire (LL) [22, 23]. 
The study found that the higher embryo survival rate of 
Chinese Taihu pigs at 11–12 days of gestation was the 
most important factor in promoting the increase in lit-
ter size, which was mainly controlled by maternal genes 
[20, 21, 24]. Many studies have shown that molecular 
events occurring in the maternal endometrium during 
early gestation play a crucial role in determining embryo 
survival success, and the early endometrium provides an 
ideal window to investigate molecular mechanisms that 
may be associated with early gestational conception loss 
and sow reproductive capacity. Especially involved in 
angiogenesis and expression of some immune factors at 
the maternal-fetal interface [25, 26]. Interestingly, some 
studies found that EphA4 [27], TGF-β1 [28] and VEGFA 
[29] are an important cytokine during embryo attach-
ment and it is also significantly associated with litter size 
in pigs. Embryo implantation in sows is a complex pro-
cess of molecular communication between the implanted 
blastocyst and the recipient uterus, and the molecu-
lar mechanisms underlying the differences in embryo 
implantation rates and development between the two 
breeds deserve further study.

Circular RNA (circRNA) is a novel class of endog-
enous non-coding RNA that widely exist in eukaryotes 
various eukaryotic organisms. Unlike linear RNAs, cir-
cRNAs have no 3’-end poly(A) and 5’-end cap structures, 
and their structures are covalently bonded closed loops 
at the head and tail [30]. Therefore, it has higher stabil-
ity and conservativeness than linear RNA, and shows 
spatio-temporal specificity and tissue specificity in physi-
ological or pathological states [31, 32]. CircRNAs have 
multiple biological functions, regulating gene expression 
[33]. Firstly, circRNA is an important competitive endog-
enous RNA (ceRNA), which has the function of sponge 
absorbing micro RNAs (miRNAs), that is, it can regulate 
the expression of genes by competitively binding miR-
NAs [34]. In addition, circRNAs can also be translated 
into proteins that regulate gene expression [35]. In recent 
years, a large number of circRNAs have been successfully 
identified in a variety of cell lines and species [36], includ-
ing human endometrium [37], mouse endometrium [38], 
and goat endometrium [39]. And an increasing number 
of studies have found that circRNAs play an important 
role in the regulation of gene expression, the develop-
ment of disease, and are therefore closely associated with 
physiological processes and various diseases [40]. In addi-
tion, studies have shown that circRNAs are expressed in 
normal endometrium, endometriosis, and endometrial 
cancer [41]. Taken together, these results suggest that 
circRNAs play an important biological regulatory role 
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in the endometrium. In this study, we compared the 
expression profiles of circRNAs in the endometrium of 
Erhualian (EH12) and Yorkshire (YK12) pigs at 12 days 
of gestation using RNase R + RNA-seq technology. Differ-
entially expressed cricRNAs (DEcircRNAs) were identi-
fied through bioinformatics analysis and experiments, 
and the results showed that circRNAs may regulate the 
key regulators of embryo implantation. Overall, our study 
contributes to a better understanding of the role of cir-
cRNAs in embryo survival during implantation.

Materials and methods
Animal and endometrial tissue collection
The experimental animals of this study were Yorkshire 
and Erhualian pigs, which were raised in the same envi-
ronment with the same feeding management. Three 
healthy Yorkshire sows (parity 2) with similar age, genetic 
background and estrus time and three healthy Erhual-
ian sows (parity 2) with similar age, genetic background 
and estrus time were selected. All sows were artificially 
inseminated with fresh semen 12  h after estrus (day 0) 
and again 24  h later. Endometrial tissue samples were 
collected from slaughtered sows on day 12 of gestation. 
Endometrial tissues collected for RNA extraction were 
rapidly put into liquid nitrogen for further processing 
and applied for histomorphological observation in para-
formaldehyde fixative. Pregnancy was confirmed by the 
presence of signs of filamentous embryos in the uterine 
cavity fluid flush of all pregnant sows.

Hematoxylin-eosin staining (H&E)
Porcine uterine tissue (2-3 cm) was fixed with 4% form-
aldehyde for one week at room temperature. The fixed 
tissue was trimmed and then de-watered and waxed. The 
waxed impregnation tissue was embedded in an embed-
ding machine, and the embedded cooled wax blocks 
were cut into 4  μm slices on a paraffin microtome. The 
slices were smoothed out on warm water at 40℃, and 
then the slides were picked up and baked in an oven at 
60℃. Paraffin sections were dewaxed to water in xylene 
and ethanol with a decreasing concentration gradient, 
then stained in hematoxylin and eosin, then dehydrated 
in ethanol with an increasing concentration gradient and 
xylene, and finally sealed with neutral gum before scan-
ning and imaging under a section scanner to observe 
morphology and size.

RNA extraction, library construction, and circRNA 
sequencing
Total RNAs was extracted using Trizol reagent kit (Invi-
trogen, Carlsbad, CA, USA) according to the manufac-
turer’s protocol. RNA quality was assessed on an Agilent 
2100 Bioanalyzer (Agilent Technologies, Palo Alto, 
CA, USA) and checked using RNase free agarose gel 

electrophoresis. After extracted, total RNAs were treated 
with RNase R to degrade the linear RNAs, and purified 
using RNeasy MinElute Cleanup Kit (Qiagen,Venlo, The 
Netherlands). Next, strand-specific library was con-
structed using VAHTS Total RNAseq (H/M/R) Library 
Prep Kit (Vazyme, Nanjing, China) for Illumina follow-
ing the manufacture’s instructions. Briefly, ribosome 
RNAs were removed to retain circRNAs. The enriched 
circRNAs were fragmented into short fragments by using 
fragmentation buffer and reverse transcribed into cDNA 
with random primers. Second-strand cDNA were syn-
thesized by DNA polymerase I, RNase H, dNTP (dUTP 
instead of dTTP) and buffer. Next, the cDNA frag-
ments were purified with VAHTSTM DNA Clean Beads 
(Vazyme, Nanjing, China), end repaired, A base added, 
and ligated to Illumina sequencing adapters. Then UNG 
(Uracil-N-Glycosylase) was used to digest the second-
strand cDNA. The digested products were purified with 
VAHTSTM DNA Clean Beads, PCR amplified, and 
sequenced using Illumina Novaseq6,000 by Gene Denovo 
Biotechnology Co. (Guangzhou, China).

Pre-processing of sequencing reads and quality control
Reads obtained from the sequencing machines included 
raw reads containing adapters or low quality bases which 
would affect the following analysis. Thus, to get high 
quality clean reads, reads were further filtered by fastp 
(version 0.18.0) [42]. The parameters were as follows: (1) 
removing reads containing adapters; (2) removing reads 
containing more than 10% of unknown nucleotides (N); 
(3) removing low quality reads containing more than 50% 
of low quality (q-value ≤ 20) bases.

Different species and sample qualities would affect 
the efficiency of experimental ribosome RNA removal. 
Thus, short reads alignment tool Bowtie2(version 2.2.8) 
was used for mapping reads to ribosome RNA (rRNA) 
database [43]. The rRNA mapped reads will be removed. 
The remaining reads were further used in alignment and 
analysis.

The rRNA removed reads of each sample were then 
mapped to reference genome by TopHat2(version 2. 1.1) 
[44], respectively. After aligned with reference genome, 
the reads that could be mapped to the genomes were dis-
carded, and the unmapped reads were then collected for 
circRNA identification.

Identification of circRNA
20mers from both ends of the unmapped reads were 
extracted and aligned to the reference genome to find 
unique anchor positions within splice site. Anchor reads 
that aligned in the reversed orientation (head-to tail) 
indicated circRNA splicing and then were subjected 
to find_circ (version 1) to identify circRNAs [45]. The 
anchor alignments were then extended such that the 



Page 4 of 19Zhou et al. BMC Genomics          (2023) 24:412 

complete read aligns and the breakpoints were flanked by 
GU/AG splice sites. A candidate circRNA was called if it 
was supported by at least two unique back spliced reads 
at least in one sample.

Quantification of circRNA abundance
To quantify circRNAs, back-spliced junction reads were 
scaled to RPM (Reads Per Million mapped reads) [46], 
and the formula is shown as follows:

 
RPM =

106C

N

In this formula, C is the number of back-spliced junction 
reads that uniquely aligned to a circRNA. N is the total 
number of back-spliced junction reads. The RPM method 
is able to eliminate the influence of different sequencing 
data amount on the calculation of circRNA expression. 
Therefore, the calculated expression can be directly used 
for comparing the differential expression among samples.

Analysis of differentially expressed circRNAs
To identify DEcircRNAs between EH12 and YK12 pigs, 
the edgeR package (version 3.12.1) (http://www.r-proj-
ect.org/) was used. We identified circRNAs with a fold 
change ≥ 2 and a FDR < 0.05 in a comparison between 
EH12 and YK12 as significant differentially expressed cir-
cRNAs (SDEcircRNAs).

GO enrichment analysis
Gene Ontology (GO) is an international standardized 
gene functional classification system which offers a 
dynamic-updated controlled vocabulary and a strictly 
defined concept to comprehensively describe proper-
ties of genes and their products in any organism [47]. 
GO has three ontologies: molecular function, cellular 
component and biological process. The basic unit of GO 
is GO-term. Each GO-term belongs to a type of ontol-
ogy. GO enrichment analysis provides all GO terms that 
significantly enriched in host genes comparing to the 
genome background, and filter the host genes that corre-
spond to biological functions. Firstly, all host genes were 
mapped to GO terms in the Gene Ontology database 
(http://www.geneontology.org/), gene numbers were cal-
culated for every term, significantly enriched GO terms 
in host genes comparing to the genome background were 
defined by hypergeometric test. The calculating formula 
of P-value is as follows:

 

P = 1−
m−1∑

i=0

(
M

i

)(
N −M

n− i

)

(
N

n

)

Here N is the number of all genes with GO annotation; 
n is the number of host genes in N; M is the number of 
all genes that are annotated to the certain GO terms; m 
is the number of host genes in M. The calculated P-value 
were gone through FDR (False Discovery Rate) Correc-
tion, taking FDR ≤ 0.05 as a threshold. GO terms meeting 
this condition were defined as significantly enriched GO 
terms in host genes. This analysis was able to recognize 
the main biological functions that host genes exercise.

Pathway enrichment analysis
Genes usually interact with each other to play roles in 
certain biological functions. Pathway-based analysis 
helps to further understand genes biological functions. 
KEGG (Kyoto Encyclopedia of Genes and Genomes) is 
the major public pathway-related database [48]. Path-
way enrichment analysis identified significantly enriched 
metabolic pathways or signal transduction pathways 
in host genes comparing with the whole genome back-
ground. The calculating formula is the same as that in 
GO analysis:

 

P = 1−
m−1∑

i=0

(
M

i

)(
N −M

n− i

)

(
N

n

)

Here N is the number of all genes that with KEGG anno-
tation, n is the number of host genes in N, M is the num-
ber of all genes annotated to specific pathways, and m is 
number of host genes in M. The calculated P-value was 
gone through FDR Correction, taking FDR ≤ 0.05 as a 
threshold. Pathways meeting this condition were defined 
as significantly enriched pathways in host genes.

Motif enrichment analysis
The meme-chip (version 5.0.5) MEME tool was used to 
retrieve long motifs of 8-15 bp from the input sequence, 
and the Dreme tool was used to retrieve short motifs of 
3-8 bp from the JASPAR database. The retrieved motifs 
were then compared with known motifs in the JASPAR 
database using meme-chip Tomtom to filter out known 
motifs that were similar to the retrieved motifs. Finally, 
the position of the motif in the input sequence is located 
and visualized using meme-chip fimo.

miRNA prediction and construction of the ceRNA network
For circRNAs that have been annotated in circBase, the 
target relationship with miRNAs can be predicted by 
StarBase (version 2.0). For novel circRNAs, three soft-
wares Mireap, Miranda (version 3.3a) and TargetScan 
(version 7.0) were used to predict targets for our samples, 

http://www.r-project.org/
http://www.r-project.org/
http://www.geneontology.org/
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And the resulting correlation of circRNAs-miRNAs can 
be visualized by Cytoscape.

Reverse transcription PCR (RT-PCR) analysis and sanger 
sequencing
Total endometrial RNA was extracted using the Trizol 
method and endometrial tissue DNA was extracted using 
the OMEGA Tissue DNA Kit (D3396). The extracted 
total RNA was used to synthesize cDNA according to 
the instructions of the TAKARA Reverse Transcrip-
tion Kit PrimeScript® RT reagent Kit With gDNA Eraser 
(RR047A). The cDNA and tissue DNA were subjected to 
PCR using convergent and divergent primers, and the 
PCR products were subjected to gel electrophoresis and 
Sanger sequencing to verify the junction sequence of the 
circRNA.

Analysis of the resistance of circRNAs to RNase R treatment
We divided the extracted endometrial total RNA samples 
into RNaseR enzyme treatment group and control group, 
and cDNA was synthesized according to the instruc-
tions of TAKARA reverse transcription kit PrimeScript® 
RT reagent Kit With gDNA Eraser (RR047A). Then, the 
expression of circRNA between these two groups was 
detected by real-time quantitative PCR to test the resis-
tance of circRNA to RNaseR enzyme. The fluorescence 
quantification of circRNA adopts special divergent prim-
ers, and the GAPDH gene is used as an internal control. 
The method of fluorescence quantification was according 
to the instructions of PowerUp SYBR Green Master Mix 
Kit(A25741), Fluorescence quantitative data was ana-
lyzed using Excel software, relative gene expression was 
analyzed using 2−ΔΔCt value, and the significant difference 
between groups was analyzed using independent sample 
t test.

Quantitative real-time PCR (qPCR) analysis
To verify the accuracy of sequencing quantification, we 
also used real-time quantitative PCR to verify the differ-
ential expression of circRNAs between peri-implantation 
endometrial sample groups. Fluorescence quantification 
of circRNA was performed using divergent primers, with 
the GAPDH gene as an internal reference. Fluorescence 
quantification was performed according to the instruc-
tions of PowerUp SYBR Green Master Mix Kit (A25741). 
Fluorescence quantification data were analyzed by Excel 
software, and relative gene expression was analyzed by 
2−ΔΔCt values, and the significance of differences between 
groups was determined using independent sample t-tests.

Results
Comparison of endometrial morphology and correlation 
between Yorkshire and Erhualian
We collected uterine tissue slices from Yorkshire pigs and 
Erhualian pigs during the peri-implantation period and 
characterized their morphology with hematoxylin and 
eosin staining (Fig. 1A). Through the visual evaluation of 
the uterine slices, we found that the embryos of Erhualian 
pigs and Yorkshire pigs at 12 days of gestation were both 
in the peri-implantation stage, and the endometrium was 
folded into the uterine cavity and presented dense ridges. 
The conceptus have differentiated into filaments and are 
about to adhere to the endometrial surface. Compared 
with Yorkshire pigs, the uterus of Erhualian pigs was 
more flushed, the endometrial stroma had larger blood 
vessels and more glands, and the uterine cavity epithelial 
cells showed more and thicker sticky chorion. Addition-
ally, we performed principal component analysis (PCA) 
on the sequencing raw data. The results of PCA showed 
that the data of EH12 can be clearly distinguished from 
the samples of YK12 pigs (Fig. 1B), and the cluster den-
drogram will further show that there are obvious differ-
ences in the endometrium of Erhualian and Yorkshire 
pigs at the peri-implantation stage (Fig. 1C).

Dynamic changes of circRNAs transcripts in Yorkshire and 
Erhualian endometrium
To assess the dynamics of circRNA expression in the 
endometrium of Yorkshire and Erhualian pigs at the 
peri-implantation stage, we quantified effective reads 
in endometrial RNA-sequencing data after RNase R 
treatment. We generated a total of 555  million paired-
end reads of 150  bp in length from the endometrium 
of six sows using the Illumina paired RNA-Seq method 
(Table  1). This method produced a sequence of 34.8Gb. 
In order to ensure the quality of the data, we used fastp 
to perform quality control on the raw reads off the 
machine, and obtained clean reads. we found that Clean-
Data accounted for about 95% of the raw data (Fig. 2A). 
Then we calculate the distribution position of reads in 
the reference genome, and we divide the region com-
pared to the genome into exon region and intron region, 
each accounting for about 50%, and intergenic region 
accounted for less than 1% (Fig. 2B). A detailed summary 
of each sample is provided in Table  1. Analysis of the 
length distribution of identified circRNAs revealed that 
most exonic circRNAs were less than 1500 nucleotides 
(nt) in length, with a median length of approximately 500 
nt (Fig.  2C). All identified circRNAs contained at least 
two unique back-splicing reads (Fig. 2D). Overall, a total 
of 22,108 unique candidate circRNAs were identified in 
these tissues (Fig. 2E). Interestingly, we found that more 
than 80% of circRNAs composed of internal exons, rather 
than the first and last exons within the same host gene, 
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and a smaller fraction with were circRNAs composed 
of exon-intron, single exons, intergenic regions in the 
genome, antisense region sequences of known transcripts 
and intronic sequences (Fig. 2F). Use violin plots to iden-
tify overall circRNA expression outliers and assess overall 

quality. The violin plot distribution of log 10 RPM values 
indicated a different expression distribution between 
YK12 samples and EH12 samples, and our results showed 
that YK12 was expressed at a slightly lower level than 
EH12 (Fig.  2G). By further comparing the expression 

Table 1 The overview of the results of RNA-Seq in each sample
Data filtering statistics Ribosome alignment statistics Reference genome alignment statistics
Sample RawDatas CleanData(%) clean_reads Mapped_Reads(%) Unmapped_

Reads(%)
Total Un-

mapped(%)
Unique_
Mapped(%)

Multiple_
Mapped(%)

EH12-1 85,530,130 81,622,174 
(95.43%)

81,622,174 152,792 (0.19%) 81,469,382 
(99.81%)

81,469,382 31,846,412 
(39.09%)

29,591,731 
(36.32%)

20,031,239 
(24.59%)

EH12-2 97,989,130 93,802,044 
(95.73%)

93,802,044 559,090 (0.60%) 93,242,954 
(99.40%)

93,242,954 36,046,670 
(38.66%)

33,607,197 
(36.04%)

23,589,087 
(25.30%)

EH12-3 89,568,894 85,463,090 
(95.42%)

85,463,090 250,724 (0.29%) 85,212,366 
(99.71%)

85,212,366 35,349,791 
(41.48%)

29,487,562 
(34.60%)

20,375,013 
(23.91%)

YK12-1 92,203,074 88,358,158 
(95.83%)

88,358,158 193,166 (0.22%) 88,164,992 
(99.78%)

88,164,992 33,033,217 
(37.47%)

32,445,726 
(36.80%)

22,686,049 
(25.73%)

YK12-2 86,829,768 82,295,580 
(94.78%)

82,295,580 173,708 (0.21%) 82,121,872 
(99.79%)

82,121,872 35,209,663 
(42.87%)

29,264,605 
(35.64%)

17,647,604 
(21.49%)

YK12-3 102,897,342 98,369,666 
(95.60%)

98,369,666 441,796 (0.45%) 97,927,870 
(99.55%)

97,927,870 39,430,888 
(40.27%)

35,851,130 
(36.61%)

22,645,852 
(23.13%)

Fig. 1 Comparison of Yorkshire and Erhualian uterus samples. (A) Comparison of uterine morphology between Yorkshire and Erhualian during peri-
implantation. PCA (B) and cluster dendrogram (C) characterize the clustering distribution of Erhualian and Yorkshire endometrium samples, respectively
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levels of the two groups of samples, we can calculate the 
difference in circRNA expression. For the distribution of 
circRNAs on chromosomes, the distribution of circRNAs 
was found on all 20 chromosomes, and the number of 
circRNAs on each chromosome was visualized in Fig. 2H.

Comparison of highly expressed circRNAs in the 
endometrium of Yorkshire and Erhualian
To characterize the highly abundant circRNAs in YK12 
and EH12 endometrium, we ranked all identified cir-
cRNAs by abundance. In Yorkshire pigs, circZEB1 was 
the most abundant, accounting for 12.84% of the total cir-
cRNAs, the top five circRNAs (circZEB1, circMETTL9, 
circRALGAPA1, circTUT7, circPAN3) accounted for 
40.04% of the total circRNAs, and the top 25 circRNAs 
Accounted for 92.25% of the total circRNAs (Fig.  3A). 
In Erhualian pigs, circZEB1 was the most abundant, 
accounting for 9.26% of the total circRNAs, the top 5 

circRNAs (circZEB1, circMETTL9, circTUT7, circRAL-
GAPA1, circPAN3) accounted for 31.46% of the total cir-
cRNAs, and the top 25 circRNAs Accounted for 85.19% 
of the total circRNAs (Fig. 3B).

Differential expression of circRNA in Yorkshire and 
Erhualian endometrium
To gain insight into the differential expression patterns 
of endometrial circRNAs in different breeds during the 
peri-implantation period, we performed a systematic 
cluster analysis of the data on DEcircRNAs in EH12 and 
YK12 endometrium. Of all circRNAs identified, we found 
5889 circRNAs specifically expressed in YK12, 4051 cir-
cRNAs specifically expressed in EH12, and 12,168 cir-
cRNAs co-expressed in both groups (Fig. 4A). For EH12 
compared with YK12, we found 641 SDEcircRNAs (Sup-
plementary Table S1), of which 309 were up-regulated, 
and 332 down-regulated (Fig. 4B,C). The heat map clearly 

Fig. 2 Characterization of circRNA expression in the endometrium of Yorkshire and Erhualian pigs during the peri-implantation period. (A) Filter Statistics 
Percentage. (B) spliced reads comparison reference area statistics. (C) Length distribution of circRNAs. (D) Frequency of back-splicing reads of circRNAs 
identified in endometrial tissues of 3 Yorkshire and 3 Erhualian pigs. (E) The number of circRNAs identified in each sample of Yorkshire and Erhualian endo-
metrium. (F) The genomic origin of porcine circRNAs. (G) Violin plot of relative abundance of circRNAs in Yorkshire and Erhualian endometrial tissue. Data 
are expressed as log2 changes in RPM. White dots represent medians. (H) Chromosome distribution of the sequences from which circRNAs were derived
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Fig. 4 Expression profiles of DEcircRNAs. (A) Number of unique circRNAs tags between Yorkshire and Erhualian. (B) Histogram of SDEcircRNAs between 
Yorkshire and Erhualian. (C) Volcano map of SDEcircRNAs. (D) Clustering heatmap of DEcircRNAs.

 

Fig. 3 The top 25 circRNAs with the highest content in Yorkshire (A) and Erhualian (B) endometrium. Left axis and histogram: Percentage of each circRNA 
to total circRNA reads. Right axis and dots: cumulative percentage of circRNA reads
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demonstrates this differential expression pattern, with 
samples within the YK12 and EH12 groups clustered 
separately because their intra-group samples have similar 
expression profiles; samples between the YK12 and EH12 
groups are clustered in another category (Fig.  4D), and 
the top 25 up-regulated and down-regulated circRNAs 
were identified based on log2FC values (Table 2).

E: scientific notation.

GO and KEGG analysis of host genes with differentially 
expressed circRNAs
Assuming that the functions of circRNAs may be related 
to the known functions of host genes, we performed 
GO and KEGG pathway analyses of host genes produc-
ing DEcircRNAs to predict their potential functions on 
the endometrium of Yorkshire and Erhualian pigs at the 
peri-implantation stage. According to the GO database, 
the host genes producing DEcircRNAs in Yorkshire pigs 
and Erhualian pigs were divided into three categories: 
biological process, cellular component and molecular 
function (Fig. 5). The host genes of 641 DEcircRNAs gen-
erated in the endometrium were significantly enriched to 
9 GO entries (q < 0.05), including 1 item under “biological 
process”: “cellular component organization or biogene-
sis”; 6 items under “cellular component”: “cell”, “cell part”, 
“organelle”, “organelle part”, “membrane-enclosed lumen”, 
“protein-containing complex”; 2 items under “molecu-
lar function”: “binding”, “catalytic activity” (Supplemen-
tary Table S2). Interestingly, many of the genes involved 
in these pathways were also enriched in adhesion and 
reproductive processes, indicating their important regu-
latory roles in implantation. To further understand the 
role of these DEcircRNAs in the physiological functions 
of EH12 and YK12 during peri-implantation, we mapped 
them to terms in the KEGG database (http://www.
genome.ad.jp/kegg/). In this study, KEGG pathway anno-
tation revealed that 206 circRNA-hosting genes were 
annotated into 267 biological processes (Supplementary 
Table S3). For the pathways of all biological processes, 
we used the bubble diagram to visualize the number of 
DEGs related to the top 20 enriched pathways (Fig. 6), of 
which 2 pathways (“Propanoate metabolism” and “Valine, 
leucine and isoleucine degradation”) were significantly 
enriched in the KEGG pathway (q < 0.05). These path-
ways contain 8 genes (ENSSSCG00000001732(MMUT); 
E N S S S C G 0 0 0 0 0 0 0 6 8 6 6 ( D B T ) ; 
E N S S S C G 0 0 0 0 0 0 0 9 5 2 2 ( P C C A ) ; 
ENSSSCG00000011653(PCCB); ENSSSCG00000016049 
(HIBCH); ENSSSCG00000017198 
(ACOX1); ENSSSCG00000009150 (HADH); 
ENSSSCG00000025942 (MCCC1)), suggesting that these 
pathways and related genes may play an important role in 
the regulation of embryo attachment in the peri-implan-
tation endometrium [49, 50].

Functional prediction of differential circRNAs
It has been previously reported that circRNAs can 
sponge miRNAs and indirectly regulate gene expression 
in a post-transcriptional manner [51]. To assess whether 
all the SDEcircRNAs identified in Erhualian and York-
shire pig endometrial epithelial cells function as miRNA 
sponges, we predicted the miRNA targets of these cir-
cRNAs using bioinformatics tools. We found that 22,088 
(99.91%) of 22,108 circRNAs had miRNA binding sites, 
while very few circRNAs were predicted to have no 
potential miRNA targets. Furthermore, we predicted 
miRNA targets of 641 SDEcircRNAs (Supplementary 
Table S4). Subsequently, we characterized the interaction 
network of the top 25 circRNAs significantly differen-
tially and highly expressed in Yorkshire pigs and the top 
25 circRNAs significantly differentially highly expressed 
in Erhualian, and 50 circRNAs formed 4514 interaction 
relationships with 452 miRNAs (Fig. 7A). Most circRNAs 
have at least two miRNA binding sites, and each miRNA 
can also bind to multiple circRNAs, the number of which 
contains more than 10 circRNA-miRNAs pairs is higher 
than that of less than 10 circRNA-miRNAs pairs. To 
further explore the regulation of core circRNA-miRNA 
pairs, we characterized the first three circRNA-miRNA 
pairs (21, 18, 17 ceRNA pairs), and obtained 11 miRNAs 
(ssc-miR-320, ssc-miR-7144-5p, ssc-miR-7144-3p, ssc-
miR-9830-5p, ssc-miR-9859-3p, ssc-miR-125b, ssc-miR-
24-3p, ssc-miR-125a, ssc-miR-130b- 5p, ssc-miR-383, 
ssc-miR-194a-3p) (Fig.  7B). In DEcircRNAs, these miR-
NAs that can bind multiple circRNAs may play impor-
tant biological roles. Notably, some miRNAs sponged 
by circRNAs have been shown to regulate endometrial 
receptivity, embryo attachment and embryonic develop-
ment. For example, CircRNA-9119 targets miR-26a [52], 
ciR8073-bound miR181a [53], Circ-8073-bound miR-
449a [54], circRNA3175-miR182 [55] in goat endometrial 
cells, Circ0001470 binds miR-140-3p to promote embry-
onic development in pigs [56]. Collectively, these results 
suggest that circRNAs found in porcine endometrial 
luminal epithelium may have potential miRNA binding 
sites and play corresponding biological regulatory roles.

To further explore other possible regulatory roles of 
circRNAs, we performed motif analysis of the flanking 
sequences and themselves sequences of SDEcircRNAs 
separately to search for their possible regulatory roles. 
A total of 63 possible binding proteins were identified by 
motif analysis of circRNAs flanking sequences (Fig. 8A). 
A total of 58 possible binding proteins were identified 
by motif analysis of circRNAs themselves sequences 
(Fig.  8B). Of these, 25 binding proteins shared flanking 
sequences with their their self-sequences (Supplemen-
tary Table S5). These binding proteins may play impor-
tant regulatory roles in circRNA production and their 
function.

http://www.genome.ad.jp/kegg/
http://www.genome.ad.jp/kegg/
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Quantitative validation of differentially expressed circRNAs
In order to verify the reproducibility of RNA-seq data, we 
randomly selected 9 SDEcircRNAs for RT-qPCR analysis, 
and these circRNAs were used to verify the presence of 
circRNAs in YK12 and EH 12 endometrium. As shown 
in Fig. 9, the expression levels of circATRX, circLAMB1, 
circKCTD9, circCADPS2, circKLC1 and circSLC25A3 
in EH12 endometrium were higher than those in YK12 
endometrium. CircBRD4, circPPP2R1B, and circMRS2 
gene expression levels were lower in EH12 endometrium 
compared with YK12 endometrium. The results showed 
that the RT-qPCR results of these circRNAs in the endo-
metrium were consistent with those obtained by RNA-
Seq (Fig. 9), and our RNA-Seq results were reproducible 
and reliable.

CircRNAs junction site validation and RNase R resistance 
validation
To verify that the back-splicing events are truly circular, 
rather than linear trans-splicing products, we examined 
the physical properties of these products. Six ubiquitously 
expressed circRNA candidate transcripts were randomly 
selected to design Divergent primers (Supplementary 
Table S6). Head-to-tail junction sites were quantified by 
RT-PCR analysis, and Sanger sequencing further con-
firmed the presence of head-to-tail splice junctions and 
the size of these porcine endometrial circRNAs, which 

was consistent with that provided by RNA-seq (Fig. 10A). 
In addition, circRNAs were also tested for resistance to 
RNase R digestion using qPCR (Supplementary Table 
S6). The expression levels of all the 12 detected circRNAs 
did not change significantly between the RNase R treat-
ment group and the control group, while the abundance 
of the linear reference gene GAPDH decreased signifi-
cantly in the RNaseR treatment group (Fig. 10B), indicat-
ing that these circRNAs are all RNase R-resistant.

Discussion
Litter size is an important economic trait and one of the 
important factors to improve economic efficiency. In pre-
vious studies, we found that Taihu pigs (including Erhual-
ian) had a higher litter size than Yorkshire pigs, which 
was mainly attributed to the higher embryo implantation 
rate at the peri-implantation stage [25, 57]. In this study, 
we compared the expression profiles of circRNAs in the 
peri-implantation endometrium of EH12 and YK12, and 
identified for the first time the key factors affecting the 
differences in the implantation rates of different breeds 
of pigs. Furthermore, we reconstructed the potential 
ceRNA regulatory network and predicted binding pro-
teins. Therefore, the analysis of circRNAs in this study 
can provide a new perspective to study the molecular 
mechanisms underlying the differences in fertility and 
spontaneous loss of porcine embryos in different breeds.

Fig. 5 Histogram of GO-enriched classification of DEcircRNAs. The data labels on the bar graph are q-values
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CircRNAs can be involved in a variety of biological 
processes through different mechanisms [58]. Currently, 
relatively few circRNA studies have been conducted in 
domestic pigs. In this study, a total of 22,108 circRNAs 
were identified in 6 endometrial samples, and most of 
the circRNAs were spliced from exons, mainly distrib-
uted on autosomes and X chromosomes. The abun-
dance of circRNAs was significantly different between 
EH12 and YK12 endometrium, among which 12,168 cir-
cRNAs were shared. Our previous study on circRNAs in 
muscle during porcine embryonic development found 
that circTUT7 may regulate the generation of circRNAs 
[59]. Interestingly, in this study, we found that circTUT7 
was included in the top 5 highly expressed circRNAs in 
both EH12 and YK12 endometrium. Based on the same 
or similar expression patterns of the circRNAs highly 
expressed in different tissues, we hypothesized that 

other circRNAs highly expressed in the endometrium of 
Erhualian and Yorkshire pigs, respectively, may also regu-
late the biogenesis of circRNAs.

In addition, 641 DEcircRNAs were obtained in EH12 
and YK12. In the up-regulation and down-regulation 
of the top 25 circRNAs, we found that some host genes 
of circRNAs have important regulatory functions dur-
ing pregnancy. For example, ENSSSCG00000011025 
(ZEB1) [60] is an important regulator of uterine con-
tractions, ENSSSCG00000027935 (FHOD3) [61]
and ENSSSCG00000004600 (TCF12) [62] are poten-
tial candidates for affecting pig litter size, and 
ENSSSCG00000014915 (EED) [63] regulates embryo 
implantation.

To further explore the differences in the regula-
tory network of embryo implantation between EH12 
and YK12, we performed GO and KEGG pathway 

Fig. 6 KEGG enrichment scatter plot of DEcircRNAs host genes
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enrichment analysis of DEcircRNAs host genes. GO 
enrichment analysis showed significant differences in 
cell composition, membrane cavity and related pro-
tein complexes between the two pig breeds, which may 
be related to the difference in receptivity of endome-
trial epithelial cells between Yorkshire and Erhualian 
during the peri-implantation period [64]. GO enrich-
ment results also showed some cellular catalytic activity 
and binding terms, which were shown to be associated 
with porcine embryo implantation [65]. Further, we 
found that the host genes of these DEcircRNAs are also 
involved in multiple pregnancy-related biological pro-
cesses, including " biological adhesion “, “reproduc-
tive process” and “growth”. Previous studies have found 
that MRS2 (ssc_circ:chr7:19265492_19273195(+) host 
gene) is up-regulated in bovine pregnant endometrium 
and may be involved in the regulation of maternal rec-
ognition of pregnancy [66]. Studies have shown that 
CDH13(ssc_circ:chr6:5297087_5377909(-) host gene) 
is up-regulated in the porcine endometrium during 

implantation and is a gene related to implantation and 
pregnancy establishment in pigs [67]. PLCB1(ssc_
circ:chr17:17026012_17029727(+) host gene) gene plays 
a role in cell proliferation, cell adhesion, cell growth and 
survival, and autophagy, and may regulate the change 
of sheep litter size [68]. ADAMs(ADAM17)(ssc_circ:
chr3:126848011_126848971(+) host gene), a disintegrin 
and metalloproteinase are a family of proteases involved 
in outer membrane shedding and play a role in various 
biological processes such as cell adhesion and migration 
[69, 70]. KEGG analysis involved “Propanoate metabo-
lism” and “Valine, leucine and isoleucine degradation”. 
Previous studies have shown that Propanoate metabo-
lism is significantly enriched in differentially expressed 
genes in bovine endometrium during implantation stage 
[71], and further studies have shown that Propanoate 
metabolism may play an important role in reproductive 
hormone regulation [72]. In the “Valine, leucine and iso-
leucine degradation” pathway, a previous study found 
that valine increased in the uterine fluid of cows on day 

Fig. 7 Exploration of circRNA mediated ceRNA regulatory network. (A) Illustration of the ceRNA interaction network. Blue nodes represent miRNAs, green 
nodes represent down-regulated circRNAs (top 25 DEcircRNAs in YK12), and red nodes represent up-regulated circRNAs (top 25 DEcircRNAs in EH12). (B) 
Sub-network of miRNAs with the abundant interactions
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16 of gestation, leucine and isoleucine concentrations 
decreased on day 16 of the estrous cycle and increased on 
day 19 of the estrous cycle [73]. Recently, Valine, leucine 
and isoleucine have been reported to be involved in lipol-
ysis, lipogenesis, glucose metabolism, glucose transport, 
intestinal barrier function and absorption, milk quality, 
mammary gland health, early embryonic development 
and immunity [74].

Many studies have shown that circRNAs can regulate 
miRNAs by acting as miRNA sponges [36, 45]. Among 
the top 3 core circRNA-miRNA pairs in this study, we 
found 11 core miRNAs. Previous studies demonstrated 
that miR-320 expression was stimulated by steroid hor-
mones and progesterone during the implantation win-
dow to regulate embryo implantation in mice [75]. In 
humans, miR-24-3p obtained from endometrial fluid 
can be used as one of the markers for the successful rec-
ognition of embryo implantation in the endometrium 
[76]. The expression level of miR-125a was significantly 
decreased in maternal plasma of patients with RSA [77–
79]. However, overexpression of some of these miRNAs 
may lead to pregnancy failure. For example, it was shown 
that placenta-specific miR-125b overexpression resulted 
in increased pregnancy loss in mice [80]. Studies have 

shown that miR-383 is upregulated in RPL patients and 
inhibits LIG4 expression by interacting with the 3’UTR 
of LIG4 mRNA, and that downregulation of LIG1 and 
LIG4 increases DNA damage in trophoblast cells, which 
further induces apoptosis and cell cycle arrest [81]. Fur-
ther high-throughput characterization of the miRNA and 
mRNA landscape between YK12 and EH12 endometrium 
is needed in subsequent studies to explore their potential 
regulatory axes.

CircRNAs can interact with proteins to perform their 
biological functions [82]. RBPs are involved in cellular 
processes such as proliferation, differentiation, transloca-
tion, apoptosis, senescence, and post-transcriptional oxi-
dative regulation [83]. In this study, circRNAs sequence 
and flanking sequence were used to predict the binding 
proteins. Some of these binding proteins were previously 
found to be important in regulating embryo develop-
ment and implantation during pregnancy. For example, 
the transcription factor EGR1 was found to be estrogen-
induced and essential for embryo implantation in the 
mouse uterus [84, 85]. Previous research data support 
that Sp1 is involved in the expression of endometrial epi-
thelial-specific genes and may play an important regula-
tory role in early pregnancy [86]. In humans, MAZ is a 

Fig. 8 Prediction of differential circRNAs binding proteins. RBP-binding motifs are enriched in flanking regions (A) and themselves sequences (B) of 
circRNAs.
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transcription factor required for trophoblast self-renewal 
[87]. Zfp281 is a conserved factor that maintains the 
plasticity of mouse trophoblast stem cells [88]. PATZ1 
can regulate mouse cell growth and embryonic devel-
opment [89]. Onecut 1 is a potential regulator of mouse 
embryonic retinal development [90, 91]. Interestingly, 
among the differential circRNAs binding proteins in this 
study, we were surprised to find that the Kruppel-like 
transcription factor (KLF) family genes play an important 
regulatory role in embryonic development and implan-
tation. KLF1 was found to positively regulate mouse 
embryonic β-globin expression and has additional over-
lapping roles in embryonic primitive erythropoiesis [92]. 
The transcription factor Klf4 can regulate the differen-
tiation of mouse perinatal fibroblasts and myofibroblasts 
[93]. Klf5 was found to be a marker gene for the expres-
sion of embryonic trophoblast stem cells from isolated 
mouse trophoblast stem cells [94]. In bovine endome-
trium, KLF5 participates in endometrial remodeling by 
regulating angiogenesis [95]. In a genome-wide associa-
tion study in sheep, KLF5 was found to affect embryonic 
development and litter size [96]. KLF7 is an important 

transcription factor regulating the development of mouse 
embryonic olfactory bulb [97]. The transcription fac-
tor Klf9 was found to be a progesterone receptor (PGR) 
coactivator in the uterus, and Klf9-deficient mice exhib-
ited low fertility and reduced progesterone sensitivity 
[98]. While klf12 plays a negative role in pregnancy, klf12 
plays a negative role in pregnancy, and studies have found 
that klf12 overexpression can cause fetal death and neural 
tube development disorders in mice [99]. Further studies 
revealed that KLF12 disrupted endometrial decidualiza-
tion through transcriptional repression of Nur77 [100]. 
Klf14 is an imprinted transcription factor that regulates 
mouse placental growth [101]. Klf15 expression can 
inhibit the proliferation of uterine epithelial cells in the 
peri-implantation mice [102], which may be beneficial 
to the formation of endometrial receptivity. In addi-
tion, KLF10 and some members of the zinc finger pro-
tein (ZNF) family are also binding factors of circRNAs 
sequence and flanking sequence, and their physiological 
regulatory mechanisms in the growth and development 
of mammalian embryos need to be further explored. 
Therefore, this study demonstrates that DEcircRNAs and 

Fig. 9 RT-qPCR validation of nine diferentially expressed circRNAs between YK12 and EH12.
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their binding proteins play important regulatory roles 
during the peri-implantation period.

Conclusions
In summary, we obtained high-quality circRNA expres-
sion profiles from the endometrial tissues of peri-implan-
tation Erhualian and Yorkshire pigs. We identified 22,108 
circRNAs, 641 of which were differentially expressed 
between EH12 and YK12. GO and KEGG analysis, cir-
cRNA-miRNA interaction network analysis, and cir-
cRNA-binding protein analysis contribute to a better 
understanding of how circRNAs mediate the regulation 
of target genes during the peri-implantation phase. The 
results described in this study may provide reference 
material for animal reproductive regulation and animal 
breeding.
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