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Anorectal malformations (ARMs) are among the most common congenital terminal
digestive tract malformations. Circular RNAs (circRNAs), a novel type of endogenous
non-coding RNAs, play roles in the development of the digestive system; however, their
contributions to the pathogenesis of ARMs are not well-established. In this study, we
explored the mechanism underlying ethylenethiourea (ETU)-induced ARMs by profiling
circRNA expression via RNA-seq and constructing a regulatory circRNA-miRNA-mRNA
network. Nine pregnant rats were gavage-fed a single dose of 125 mg/kg 1% ETU (ARM
group) on gestational day 10 (GD10), and another 9 pregnant rats received a similar
dose of saline (normal group) as a control. Embryos were obtained by cesarean section
on the key time-points of anorectal development (GD14, GD15, and GD16). Hindgut
samples isolated from the fetuses were evaluated by high-throughput sequencing and
differentially expressed circRNAs were validated by reverse transcription-quantitative
polymerase chain reaction, agarose gel electrophoresis, and Sanger cloning and
sequencing. A total of 18295 circRNAs were identified in the normal and ARM groups.
Based on the 425 differentially expressed circRNAs (|Fc| > 2, p < 0.05), circRNA-miRNA
and miRNA-mRNA pairs were predicted using miREAP, miRanda, and TargetScan.
A total of 55 circRNAs (14 up- and 41 downregulated in the ARM group compared to
the normal group) were predicted to bind to 195 miRNAs and 947 mRNAs. Competing
endogenous RNA networks and a Kyoto Encyclopedia of Genes and Genomes analysis
revealed that novel_circ_001042 had the greatest connectivity and was closely related to
ARM-associated signaling pathways, such as the Wingless Type MMTV integration site
family, mitogen-activated protein kinase, and transforming growth factor-β pathways.
These results provide original insight into the roles of circRNAs in ARMs and provide a
valuable resource for further analyses of molecular mechanisms and signaling networks.

Keywords: anorectal malformation, high-throughput RNA sequencing, circRNA, circRNA-miRNA-mRNA network,
competing endogenous RNA
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INTRODUCTION

Anorectal malformations (ARMs) are the most common
congenital terminal digestive tract malformations, with an
incidence of approximately 1 in 5,000 births and a slightly
lower incidence in females than in males (Cuschieri and Eurocat
Working Group, 2001; Wood and Levitt, 2018). The wide
spectrum of ARM phenotypes includes stenotic anus, ectopic
anus, rectourethral fistula, and rectovestibular fistula (Endo et al.,
1999; Bai et al., 2004; Wijers et al., 2014). More than half
of patients with ARM also suffer from congenital anomalies
of the urogenital system, cardiovascular system, skeleton, and
gastrointestinal tract (Stoll et al., 2007; Nah et al., 2012). Despite
sophisticated surgical reconstruction operations, many patients
continue to experience complications, such as fecal incontinence
and constipation, which adversely affect their quality of life
(Grano et al., 2013; Rintala, 2016). Recent studies have identified
genes and genetic signaling pathways involved in the remarkable
pathophysiology of ARMs; however, the specific etiology remains
unclear (Draaken et al., 2012; Wijers et al., 2014). Therefore, it is
essential to investigate the pathogenesis of ARMs.

Circular RNAs (circRNAs) are a novel type of endogenous
non-coding RNA that predominately exist in the mammalian
cytoplasm or exosomes (Szabo et al., 2015). CircRNA forms a
covalent, closeloop structure lacking both 5′–3′ polarity and a
poly-A tail (Lasda and Parker, 2014). This special structure makes
circRNAs resistant to degradation by RNA exonucleases, RNase
R, and debranching enzymes, more stable than linear transcripts,
and less prone to degradation (Suzuki and Tsukahara, 2014;
Vicens and Westhof, 2014). The first circRNAs to be identified,
viroid, was found in RNA viruses in 1976 (Sanger et al., 1976)
and was then found in eukaryotes by electron microscopy in
1979 (Hsu and Coca-Prados, 1979). Previous studies have focused
on the biological functions of circRNAs, including their roles
as “sponges” for microRNAs via competing endogenous RNA
(ceRNA) networks, the circRNA-miRNA-mRNA axis, alternative
mRNA splicing patterns via RNA-binding proteins, interactions
with RNA polymerase II to regulate transcription, and translation
by ribosomes and encoding proteins (Abe et al., 2013; Hansen
et al., 2013; Zhang et al., 2013; Du et al., 2016). Recent
studies have shown that circRNAs play important regulatory
roles in embryonic development, apoptosis, differentiation, and
proliferation (Lukiw, 2013; Bachmayr-Heyda et al., 2015; Maiese,
2016). Numerous differentially expressed circRNAs are involved
in the development of gastrointestinal diseases and are potential
diagnostic and prognostic biomarkers (Torre et al., 2015; Li
et al., 2020). Our current understanding of the exact molecular
mechanisms by which circRNAs affect the development of ARMs
remains limited.

Abbreviations: ARMs, anorectal malformations; ETU, ethylenethiourea; GD,
gestational day; Rpm, reads per million mapped reads; circRNAs, circular RNAs;
ceRNA, competing endogenous RNA; rRNA, ribosomal RNA; GO, Gene Ontology;
KEGG, Kyoto Encyclopedia of Genes and Genomes; FDR, false discovery rate;
qRT-PCR, quantitative reverse-transcription polymerase chain reaction; WNT,
wingless-type MMTV integration site family; TGF-β, transforming growth factor-
β; MAPK, mitogen-activated protein kinase; GEO, Gene Expression Omnibus;
PCA, principal component analysis.

Ethylenethiourea (ETU) is commonly used to create animal
models of ARM in rat embryos; typical phenotypes include an
abnormally large distance between the urorectal septum and
the cloacal membrane, postponed tailgut regression, abnormal
apoptosis in the cloacal wall, and maldevelopment of the dorsal
cloaca and membrane (Qi et al., 2002; Macedo et al., 2007). Our
research group has conducted a series of studies of miRNA and
mRNA expression profiles in the development of hindgut in rat
embryos (Tang et al., 2014; Long et al., 2018, 2020). However,
very little is known about circRNAs in ETU-induced ARMs in
rats, and sequence data for circRNA in ETU-induced ARMs
have never been systematically described. In the present study,
circRNA expression patterns in the hindguts of rat embryos with
ETU-induced ARMs were profiled from gestational day (GD)14
to GD16, the key time period for anorectal development (Qi et al.,
2002; Bai et al., 2004; Macedo et al., 2007).

To determine the molecular mechanism by which circRNAs
operate in ARMs, high-throughput sequencing was used to detect
differentially expressed circRNAs in embryonic hindgut tissues
of rats with ETU-induced ARMs and normal hindgut tissues.
Numerous previously unreported circRNAs were identified,
which may improve our understanding of the roles of circRNAs
in ARM development. We also constructed ceRNA networks
based on target predictions. The aberrant expression of circRNAs
detected in the present study improves our understanding of the
mechanisms underlying ARMs and provides a valuable basis for
future studies of this condition. Furthermore, our data will serve
as a useful resource for the development of therapeutic targets
and novel diagnostics in the future.

MATERIALS AND METHODS

Ethics Statement
The present study was approved by the Ethics Committee of the
China Medical University, Shenyang, China (no. 2015PS213K),
and all procedures involving animals were performed in
accordance with the guidelines for the care and use of
laboratory animals.

Animals Used and Tissue Collection
Mature female Wistar rats (number: 18; age: 7–8 weeks old;
body weight: 230–280 g) were acquired from the Experimental
Animal Center, Shengjing Hospital of China Medical University
(Shenyang, China). The Key Laboratory of the Health Ministry
for Congenital Malformations (Shenyang, China) provided a
specific pathogen-free animal laboratory (room temperature:
22 ± 2◦C; humidity: 55 ± 5%; 12 h light/12 h dark cycle;
free access to water and food) for rodents. The ARM model
and hindgut isolation procedure were constructed as per our
previous protocol (Tang et al., 2014). In total, 9 pregnant rats
were gavage-fed a single dose of 125 mg/kg 1% ETU (Sigma-
Aldrich; Merck Millipore, Darmstadt, Germany) on GD10, and
the remaining pregnant rats received the same dose of saline
without ETU as a control. Cesarean sections were performed on
GD14-GD16 to obtain embryos, and the presence of ARMs was
determined by light microscopy. The specimens were stored in

Frontiers in Genetics | www.frontiersin.org 2 April 2021 | Volume 12 | Article 605015

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-605015 April 7, 2021 Time: 12:47 # 3

Li et al. RNA-Seq of circRNAs

liquid nitrogen until use. All surgeries were performed after the
intraperitoneal injection of sodium pentobarbital for anesthesia.
The control group comprised of 252 saline-treated embryos
without malformations. All 230 embryos with ETU-induced
ARMs had short tails or no tails, and 15 died in utero. ARMs were
detected in 86.1% (198/230) of ETU-treated embryos.

RNA Extraction and RNA-Seq
Total RNA was extracted from the specimens using TRIzol
(Life Technologies, Carlsbad, CA, United States) according
to the manufacturer’s instructions. The RNA was qualified
and quantified using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, United States). After rRNAs
were removed, the rest of RNAs were fragmented using a
fragmentation buffer and reverse-transcribed into cDNA with
random primers. Second-strand cDNA was synthesized using
DNA polymerase I, RNase H, dNTP (dUTP instead of dTTP), and
buffer. Next, the cDNA fragments were purified using a QIAquick
PCR Extraction Kit (Qiagen, Hilden, Germany), end-repaired,
polyadenylated, and ligated to Illumina sequencing adapters.
Uracil-N-glycosylase was used to digest the second-strand cDNA.
After PCR amplification, the digested products were purified
using AMPure XP Beads and a High Sensitivity DNA Assay
Kit (Agilent Technologies, United States) was used for library
quality inspection. RNA sequencing was carried out by Gene
Denovo Biotechnology Company (Guangzhou, China) using a
HiSeq 2500 system (Illumina, San Diego, CA, United States).

RNA-Seq Analysis and Identification of
circRNAs
To obtain high-quality clean reads, raw reads were filtered
as follows: (1) reads containing adapters were removed, (2)
reads containing more than 10% unknown nucleotides (N) were
removed, and (3) low-quality reads containing more than 50%
low-quality bases (Q-value ≤ 20) were removed. The efficiency
of experimental ribosome RNA removal is affected by the species
and sample quality. Therefore, the Bowtie2 short read alignment
tool (Langmead and Salzberg, 2012) was used to map the reads to
the ribosomal RNA (rRNA) database. The rRNA-mapped reads
were removed, followed by mapping to the reference genome
using TopHat2 (version 2.1.1) (Kim et al., 2013). After alignment
with the reference genome, the reads that could be mapped to the
genome were discarded, and the unmapped reads were collected
for circRNA identification. The 20-mers from both ends of the
unmapped reads were extracted and aligned to the reference
genome to identify unique anchor positions within the splice site.
Anchored reads that aligned in the reversed orientation (head to
tail) indicated circRNA splicing and were subsequently subjected
to find_circ (Memczak et al., 2013) to identify circRNAs. The
circRNAs were blast searched against circBase (Glažar et al.,
2014) for annotation. Those that could not be annotated were
considered novel circRNAs. To quantify the circRNAs, back-
spliced junction reads were scaled to reads per million mapped
reads (RPM) according to the following formula: RPM = 106C/N,
where C is the number of back-spliced junction reads that

uniquely aligned to a circRNA and N is the total number of
back-spliced junction reads.

Clustering Analysis and Principal
Component Analysis (PCA)
The relationships between samples were explored using
Unsupervised hierarchical clustering and PCA. Unsupervised
hierarchical clustering analyses were performed using gmodels
in R1 and PCA was conducted using ggplot2 in R2.

Analysis of Differentially Expressed
circRNAs
The edgeR software package3 was used to identify differentially
expressed circRNAs between samples or groups. CircRNAs with
an absolute value of fold change of ≥ 2 and a p-value of < 0.05
were identified as differentially expressed in comparisons
between samples or groups.

Trend Analysis
To examine patterns of differentially expressed circRNAs, the
expression data for each sample were normalized to 0, log2
(v1/v0), and log2 (v2/v0) and clustered using Short Time-series
Expression Miner (Ernst and Bar-Joseph, 2006). Clusters with
p ≤ 0.05 were considered significant.

Analysis of circRNA-miRNA-mRNA
Interactions
To predict mRNAs that interact with circRNAs and miRNAs,
miREAP, miRanda, and TargetScan were used, and the
intersection between the three prediction algorithms was
used as the prediction results for the miRNA target genes.
Pairs with positively correlated expression were identified as
ceRNA pairs. Negative correlations indicated miRNA-mRNA
and miRNA-circRNA pairs. Competition between circRNAs
and mRNAs for the same miRNA and positive correlations
between circRNAs and mRNAs were then screened. circRNA-
miRNA-mRNA networks conforming to the ceRNA rules
were visualized using Cytoscape v3.7.1. The flowchart of the
circRNA-miRNA-mRNA ceRNA network analysis shown in
Figure 1.

Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes
(KEGG) Pathway Analyses
Source genes were mapped to GO terms in the Gene Ontology
database4, gene numbers were calculated for every term, and
significantly enriched GO terms for source genes compared to
the genome background were defined using a hypergeometric
test. Calculated p-values were subjected to false discovery rate
(FDR) correction, taking FDR ≤ 0.05 as a threshold for
significant enrichment.

1https://cran.r-project.org/web/packages/gmodels/index.html
2https://cran.r-project.org/web/packages/ggplot2/index.html
3http://www.r-project.org/
4http://www.geneontology.org/
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FIGURE 1 | Flowchart of ceRNA network analysis.

KEGG is a major publicly available pathway-related database
(Kanehisa et al., 2008). Pathway enrichment analyses were
performed to identify significantly enriched metabolic pathways
or signal transduction pathways in source genes compared
to the whole genome background. The calculated p-values
were subjected to FDR correction, taking FDR ≤ 0.05 as a
threshold for significance. Bubble charts were generated using
gglpot2 in R.

Quantitative Reverse-Transcription
Polymerase Chain Reaction (qRT-PCR)
Reverse transcription was performed using a PrimeScript RT
Reagent Kit (Takara, Kusatsu, Japan). Fluorescence qRT-PCR was
performed using an ABI 7500 detection system (Thermo Fisher
Scientific, Waltham, MA, United States). Each 20 µL reaction
mixture contained 2 µL of template cDNA, gene-specific primers
(0.4 µM), 10 µL of SYBR Premix Ex Taq II (Tli RNaseH Plus,
2×), 0.4 µL of ROX Reference Dye II (50×), and 6 µL of sterilized
RNase-free water. The reaction conditions were as follows: 50◦C
for 2 min, 95◦C for 2 min, followed by 40 cycles of 95◦C for
15 s and 60◦C for 60 s. The relative expression levels of each
circRNA normalized against the β-actin level were evaluated
using the 2−11Ct method (Livak and Schmittgen, 2001). qRT-
PCR was performed with five biological replicates. Divergent
primers were designed to confirm the back-splice junction and
were synthesized by Shanghai Sangon Biotech (Supplementary

Table 1). The qRT-PCR products were tested by electrophoresis
on 2% agarose gels. The amplification products were inserted
into a pUCm-T vector for Sanger cloning and sequencing to
determine their full length.

Statistical Analysis
Statistical analyses were performed using SPSS 21.0 (IBM SPSS,
Armonk, NY, United States). Statistically significant differences
were identified using Student’s t-tests (two-tailed). All values are
presented as means± standard deviation. Values of p < 0.05 were
considered statistically significant.

RESULTS

Overview of circRNA-Seq
In total, 1,043,148,336 and 1,032,539,926 clean reads were
generated in the ARM and control groups, respectively. After
removing the low-quality, poly-N-containing, and adapter-
containing reads, 915,328,052 and 1,024,161,230 high-quality
clean reads were obtained from the ARM and control groups,
respectively. After using find_circ for mapping, 18,295 circRNAs
were obtained. All identified circRNAs were novel. Six types
of circRNAs were identified. From most to least frequent,
they were categorized as follows: annot_exon, exon_intronmost,
antisense, intergenic, one-exon, and intronic (Figure 2A). Most
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FIGURE 2 | Characterization of circRNAs in rat embryonic hindgut tissues. (A) Length distribution of circRNAs. (B) Type distribution of circRNAs. (C) Principal
component analysis (PCA) of different samples at three time points in rat embryonic hindgut tissues from the ARM group and normal group based on the normalized
circRNA expression levels. (D) Box plots displaying the expression features of circRNAs based on log-transformed expression levels (base 2) in the two groups from
GD14–16. (E,F) Venn diagram illustrating the overlapping circRNAs detected in the ARM group and normal group. (G) Bar graph representing the number of
differentially expressed circRNAs in different groups. A, ARM group; N, normal group.

of the circRNAs were approximately 200–400 nucleotides (nt) in
length (Figure 2B).

Time Course Analysis of circRNA
Expression Profiles in Hindguts of the
ARM and Control Group Rats
An unsupervised hierarchical clustering and PCA were
performed to determine the relationships between circRNA

expression and spatiotemporal dynamics in the hindguts of
normal rat embryos and those with ARMs. The circRNA
expression patterns in the two groups formed distinct
clusters (Figure 2C). As shown in Figure 2D, there were
no significant changes in total circRNA expression levels in
the groups over time. The majority of circRNAs annotated
in the ARM group were also detected in the normal group
(Figure 2E). In total, 10651 circRNAs were co-expressed in
both groups, 3857 were expressed exclusively in the ARM
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FIGURE 3 | Volcano plots showing up- and downregulated circRNAs in the ARM group and normal group. (A–F) Red dots represent upregulated and green dots
represent downregulated circRNAs. A, ARM group; N, normal group.

FIGURE 4 | Overall expression patterns of circRNAs in the ARM group and normal group. (A) Expression patterns of circRNAs in the ARM group. (B) Expression
patterns of circRNAs in the normal group. Red indicates significant enrichment (p < 0.05). The profile IDs are shown in the upper left corner, and the number of
genes in the profile is shown in the lower left corner. (C) Venn diagram showing upregulated circRNAs in both the ARM group and normal group. (D) Venn diagram
showing downregulated circRNAs in both the ARM group and normal group.
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FIGURE 5 | (A–C) Volcano plots showing the up- and downregulated circRNAs in the ARM group and normal group. Red dots represent upregulated and green dots
represent downregulated circRNAs. (D) Venn diagram showing the overlap among these circRNAs between the three time-points. (E) Hierarchical cluster analysis
and heat map showing differentially expressed circRNAs between the ARM group and normal group. Colors from blue to red indicate circRNA expression levels from
low to high. Each column in the heat map represents a mean of three biological replicates, and each row represents a circRNA. A, ARM group; N, normal group.
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TABLE 1 | Differentially expressed circRNAs.

ID log2 (fold change) P-value

GD14; N vs. A

novel_circ_005120 −16.80445315 0.035641889

novel_circ_006591 −3.120244448 0.023688892

novel_circ_003974 −3.053221315 0.039032126

novel_circ_011675 −2.176357531 0.030632664

novel_circ_006809 −1.645158719 0.009663424

novel_circ_002034 −1.285355276 0.029852901

novel_circ_008138 −1.278446316 0.000172223

novel_circ_002017 −1.265940918 0.024316916

novel_circ_003869 −1.224397979 0.022398961

novel_circ_011174 1.853502957 0.023384327

novel_circ_007893 2.299616362 0.009735364

novel_circ_002230 3.245529718 0.044635454

novel_circ_003790 16.73277898 0.046924131

novel_circ_005108 16.74691874 0.047852203

novel_circ_010342 16.97284673 0.029985969

GD15; N vs. A

novel_circ_000115 −16.5911656 0.047741235

novel_circ_011115 −17.17468259 0.045157085

novel_circ_009205 −16.9621121 0.031863695

novel_circ_002552 −16.71470825 0.029834198

novel_circ_017476 −16.61250487 0.022203997

novel_circ_012938 −2.837516461 0.037442792

novel_circ_001300 −2.775952353 0.000408425

novel_circ_007019 −2.651840519 0.04731267

novel_circ_016600 −2.569746484 0.011431925

novel_circ_015949 −2.441524228 0.016680423

novel_circ_008708 −2.440559967 0.007597276

novel_circ_012639 −2.404748731 0.000694139

novel_circ_014878 −2.277915194 0.020484521

novel_circ_003419 −1.631402216 0.020883386

novel_circ_016730 −1.273701762 0.026751436

novel_circ_003835 −1.116177089 0.036829487

novel_circ_011174 3.546260852 0.032843917

novel_circ_008671 16.28869484 0.049117697

novel_circ_000241 16.59350112 0.02397067

novel_circ_015947 16.62866004 0.025156143

novel_circ_000384 16.90450162 0.024117077

novel_circ_006959 17.35124018 0.000821534

GD16; N vs. A

novel_circ_005340 −17.52540703 0.000587897

novel_circ_015300 −17.15518294 0.003161602

novel_circ_015242 −16.60247339 0.015429026

novel_circ_009151 −16.42630727 0.028601564

novel_circ_002915 −16.23693974 0.045883863

novel_circ_001648 −3.636266866 0.003621806

novel_circ_015200 −3.609065544 0.034131194

novel_circ_008532 −2.732468102 0.032040587

novel_circ_005215 −2.15723716 0.048959819

novel_circ_008364 −2.047701005 0.043846608

novel_circ_006611 −1.854643226 0.018081202

novel_circ_012678 −1.713763152 0.025258653

novel_circ_015519 −1.626743877 0.04439456

(Continued)

TABLE 1 | Continued

ID log2 (fold change) P-value

novel_circ_016175 −1.174967821 0.005791023

novel_circ_005123 −1.03502976 0.009447818

novel_circ_013949 −1.018853757 0.043790165

novel_circ_001042 1.180791996 0.030647319

novel_circ_006174 2.173073874 0.032982196

novel_circ_011555 16.57119281 0.048915297

GD, gestational day; N, normal group; A, anorectal malformatios group.

group, and 3787 were expressed exclusively in the normal group
(Figure 2F).

circRNAs With Upregulated Expression
in the Hindgut During Development
We performed expression profiling to determine whether
circRNAs were differentially expressed between the hindguts of
the ARM and normal group rats during development. Differences
in circRNA expression between groups were calculated based
on the back-spliced RPM method. Only differentially expressed
circRNAs with an absolute value of fold change of ≥ 2 and a
p-value of < 0.05 were considered.

We performed pairwise comparisons of circRNAs between
stages in the ARM group and normal group. The number
of differentially expressed circRNAs ranged from 139 to 301
during development in the two groups (Figure 2G). Volcano
plots indicated that the circRNAs tended to be upregulated
in the normal group during development, but only tended
to be upregulated at GD14 vs. GD15 and GD14 vs. GD16
in the ARM group. In particular, in the ARM group, 96
circRNAs (0.9%) were significantly downregulated and 116
(1.1%) were significantly upregulated at GD14 vs. GD15
(Figure 3A), 99 (0.9%) were significantly downregulated and
155 (1.5%) were significantly upregulated in GD14 vs. GD16
(Figure 3B), and 103 (1.0%) were significantly downregulated
and 84 (0.8%) were significantly upregulated in GD15 vs. GD16
(Figure 3C). In the normal group, 64 circRNAs (0.6%) were
significantly downregulated and 75 (0.7%) were significantly
upregulated in GD14 vs. GD15 (Figure 3D), 128 (1.2%) were
significantly downregulated and 173 (1.6%) were significantly
upregulated in GD14 vs. GD16 (Figure 3E), and 96 (0.9%) were
significantly downregulated and 121 (1.1%) were significantly
upregulated in GD15 vs. GD16 (Figure 3F). These results
indicated that there is spatiotemporal variation in the expression
levels of circRNAs.

Dynamics of circRNA Expression in the
Hindguts of Rats in the ARM and Normal
Groups Over Time
To characterize the changes in circRNA expression, we evaluated
trends in the highly differentially expressed circRNAs in each
group during development. We identified seven main circRNA
profiles in the ARM and normal groups, and each showed a
characteristic expression pattern (referred to as Profiles 1–7).
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FIGURE 6 | Predicted circRNA-miRNA-mRNA networks of circRNAs with increased expression in rat embryonic hindgut tissues in the ARM group compared with
the normal group. Triangular red nodes represent up-regulated circRNAs, square green nodes represent miRNAs, and circular blue nodes represent mRNAs. Straight
lines indicate interactions between miRNA and circRNA or mRNAs.

Profile 6 was significant in the ARM group (Figure 4A) and
Profile 7 was significantly upregulated in the normal group
(Figure 4B). We also analyzed the up- and downregulated
circRNAs in both groups. We found that the expression levels
of 60 circRNAs were higher in the normal group and 42
were higher in the ARM group (Figure 4C), whereas levels
of 33 circRNAs were lower in the normal group and 47 were
lower in the ARM group (Figure 4D). These findings suggested
that the dysregulation of circRNAs plays a role in hindgut
development.

Screening of Differentially Expressed
circRNAs and Clustering Analysis
The expression profiles in hindgut samples from the normal
and ARM groups were compared at key time-points during
anus formation (GD14, GD15, and GD16). There were
significant differences in the expression levels of 425 circRNAs
(|Fc| > 2, p < 0.05). Compared to the normal group,
60 circRNAs were significantly upregulated and 58 were
significantly downregulated in the ARM group on GD14,
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FIGURE 7 | Predicted circRNA-miRNA-mRNA networks of circRNAs with decreased expression in rat embryonic hindgut tissues in the ARM group compared with
the normal group. Triangular pink nodes represent down-regulated circRNAs, square green nodes represent miRNAs, and circular blue nodes represent mRNAs.
Straight lines indicate interactions between miRNA and circRNA or mRNAs.

94 circRNAs were significantly upregulated and 74 were
significantly downregulated in the ARM group on GD15, and 65
circRNAs were significantly upregulated and 87 were significantly
downregulated in the ARM group on GD16 (Figures 5A–C). The
overlap among these circRNAs between the three time-points
is shown in Figure 5D. A heat map of significant differential
expression is shown in Figure 5E.

Predicted ceRNA Networks
We constructed ceRNA networks based on 425 differentially
expressed circRNAs. According to StarBase v3.0 and TargetScan

v7.2, among differentially expressed circRNAs, 55 (14 up- and
41 downregulated) were predicted to bind to 195 miRNAs and
947 mRNAs. The detailed information of the 55 differentially
expressed circRNAs at the three time-points are shown in
Table 1. The circRNA-miRNA-mRNA correlations were
visualized using Cytoscape 3.7.1 (Figures 6, 7). According
to a connectivity analysis, the top five circRNAs were
novel_circ_001042, novel_circ_012639, novel_circ_003974,
novel_circ_006611, and novel_circ_014878. novel_circ_001042
was predicted to interact with 64 miRNAs and 328 mRNAs.
These included the wingless-type MMTV integration site family
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FIGURE 8 | GO and KEGG analyses. GO categories (A) and KEGG pathways (B) for genes related to differentially expressed circRNAs source genes in rat hindgut
tissues from the ARM group compared with the normal group. GO categories (C) and KEGG pathways (D) for differential circRNA-miRNA target genes in rat
embryonic hindgut tissues from the ARM group and the normal group. Q-values are normalized p-values indicating the significance of the enrichment.

(WNT) signaling pathway-related genes Fzd4, Ccnd3, and
Dkk2, the transforming growth factor-β (TGF-β) signaling
pathway-related gene Bmp2, and the mitogen-activated protein
kinase (MAPK) signaling pathway-related genes Flnc, Egfr,
Mef2c, Dusp3, and Cacng6. This complicated ceRNA network
suggested that novel_circ_001042 played regulatory roles
in various pathways via miRNAs and their targets during
hindgut development.

Enrichment of Differentially Expressed
circRNAs
Since circRNAs can directly regulate source genes, we conducted
an enrichment analysis of source genes of circRNAs. According
to a GO analysis, circRNA source genes were enriched for 33
GO terms in the three main categories, biological processes,
molecular functions, and cellular components (Figure 8A).
The top 20 KEGG pathways are listed in Figure 8B. The
enriched pathways included the WNT pathway and the
MAPK pathway, which are closely associated with embryonic
development and ARMs.

For non-coding RNAs, functional annotations are determined
by the functions of associated mRNAs. We evaluated

potential functions of significantly up-regulated and down-
regulated circRNAs in the ARM and normal groups by
an enrichment analysis of target genes. Based on a GO
analysis, the target genes related to the circRNA signature
were involved in various biological processes, including
single-organism processes, cellular processes, and metabolic
process (Figure 8C). In a KEGG pathway analysis, endocytosis
and PI3K-Akt were identified as the most significant pathways
(Figure 8D).

Validation of Sequencing Data
To validate the circRNAs identified by RNA-Seq, we randomly
selected 7 up- and 7 downregulated circRNAs for validation
by qRT-PCR. Among the 14 differentially expressed circRNAs,
novel_circ_008138, novel_circ_002017, novel_circ_010342,
novel_circ_002202, and novel_circ_016535 were differentially
expressed on GD14; novel_circ_012938, novel_circ_01300,
novel_circ_016600, and novel_circ_015194 were differentially
expressed on GD15; novel_circ_016175, novel_circ_008364,
novel_circ_017060, and novel_circ_013064 were differentially
expressed on GD16; and novel_circ_011174 was differentially
expressed at two time-points (GD14 and GD15) (p < 0.05;
Supplementary Figure 1A). The relative expression levels
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were consistent with the RNA-Seq data. Sanger cloning and
sequencing results for novel_circ_002017 and novel_circ_008138
are shown in Supplementary Figures 1B,C. Agarose gels
electrophoresis was used to validate that a single product had
been amplified are shown in Supplementary Figure 1D.

DISCUSSION

ARMs are complex deformities determined by many factors.
Genetic factors have an important influence on the etiology
of ARMs (Khanna et al., 2018). The roles of circRNA in
embryonic development and congenital malformations of the
gastrointestinal system have rarely been reported. Different
from most RNAs involved in translation, circRNAs often
act at the level of gene expression (Esteller, 2011). The
versatility of circRNA expression is mainly reflected in post-
transcriptional regulation, which is usually achieved by RNA–
RNA interactions (Guil and Esteller, 2015). Studies of circRNAs
related to gastrointestinal development are very limited. High-
throughput sequencing has confirmed that circRNA expression
levels differ among anatomical parts of the digestive tract, and
these differences may be closely related to cell proliferation
and differentiation during development (Danan et al., 2012;
Salzman et al., 2013; Shen et al., 2017). Increasing number of
studies have shown that circRNAs, acting as miRNA sponges,
inhibit miRNAs and eventually mediate the expression of
mRNAs (Hansen et al., 2013). Peng et al. (2017) found that
circ-ZNF609 participates in the pathogenesis of congenital
megacolon via the mir-150-5P/AKT3 pathway. Zhou et al.
performed a sequencing analysis of human congenital megacolon
specimens and found that the down-regulation of circ-
PRKCI could inhibit cell proliferation and differentiation
and inhibit the expression of the mir-1324 target gene
PLCB1 (Zhou et al., 2018). However, the precise circRNAs
with key regulatory roles in the normal development of
the anus and rectum and the mechanism by which these
circRNAs affect the pathogenesis of anorectal atresia and
rectourethral fistula are unclear. Therefore, further research is
required on this topic.

According to previous morphological studies, urorectal
fistulas in rat embryos with ARMs can be explained by a
failure of the fusion of the urorectal septum with the cloacal
membrane during the critical period of anorectal development.
Deduced proliferation and massive apoptosis play important
roles in the development of ARMs (Qi et al., 2000a,b, 2002).
In the present study, 18,295 circRNAs were identified at
key time-points (GD14, GD15, and GD16) during anorectal
development in the rat hindgut by high-throughput sequencing.
We analyzed expression patterns and performed a bioinformatics
analysis of circRNAs that may be involved in the pathogenesis
of ARMs. We detected aberrantly expressed circRNAs in a
comparison of rat fetuses with ARMs and normal rat fetuses.
After screening (|Fc| > 2, p < 0.05), we detected 118, 168, and
152 differentially expressed circRNAs at GD14, GD15, and GD16,
respectively. We can infer that there is a temporal imbalance in
circRNA expression.

Using a bioinformatics approach for target prediction, among
425 differentially expressed circRNAs, 55 had ceRNA network
connectivity. Compared to the normal group, 14 genes were
upregulated and 41 genes were downregulated, suggesting that
reductions in circRNA levels were dominant in the ARM group
and might contribute to the development of ARMs. A circRNA-
miRNA-mRNA ceRNA network was also constructed. A KEGG
pathway enrichment analysis of miRNA-target genes identified
the WNT, TGF-β, and MAPK signaling pathways, which are
closely related to ARM (Nakamura et al., 2007; Wong et al.,
2013; Wang et al., 2015). GO terms of related genes provided
compelling evidence that circRNAs can influence metabolic,
regulatory, and cellular functions. Our results demonstrated that
these differentially expressed circRNAs may play important roles
in the development of ETU-induced ARMs.

As a member of the miR-17-92 family, miR-92 plays an
important role in the regulation of early embryonic development
as well as in tumorigenesis and differentiation in various cancers
(Monzo et al., 2008; Jevnaker et al., 2011). Our research
group has previously shown that miR-92a-2-5p could have a
regulatory role in ARMs. The overexpression of miR-92a-2-
5p leads to a decrease in proliferation and an increase in
apoptosis in an intestinal cell line (Long et al., 2020). Our
results based on RNA-seq data showed that rno-miR-92a-1-5p
is related to the regulation of 90 mRNAs. novel_circ_001042,
novel_circ_003974, and novel_circ_010342 were associated with
rno-miR-92a-1-5p and may function as ceRNAs to regulate
the progression of ARMs. Notably, most of the circRNAs
identified in this analysis have not been studied previously.
Therefore, further research should explore the relationships
between circRNAs/miRNAs and ARMs based on our ceRNA-
associated network.

CONCLUSION

In conclusion, a high-throughput sequencing approach was
used to identify numerous differentially expressed circRNAs
between the hindguts of normal rat embryos and those with
ARMs on GD14–GD16. Using a bioinformatics approach,
a circRNA-miRNA-mRNA network was constructed. The
potential target genes of novel_circ_001042 may be closely
related to the development of ARMs. circRNAs are candidate
biomarkers for disease diagnosis and therapeutic targets
owing to their high conservation, stability, and tissue-
specificity. Our results provide novel insight into the roles
of circRNAs in the development of ARMs and provide a valuable
resource for further analyses of molecular mechanisms and
signaling networks. The construction of regulatory networks
could improve our understanding of the basic molecular
mechanisms underlying ARM.
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