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Abstract

Circular RNAs (circRNAs) have re-emerged as promising gene regulators in various physiological and pathological con-
ditions. However, the expression patterns of circRNAs in the developing spinal cord of mammals and the comprehensive
distribution of circRNAs across different tissues remain poorly understood. In this study, rats were used as the model
organism. We conducted a comprehensive analysis of 15 RNA-Seq datasets comprising 217 rat samples and developed a
web-based resource, CiRNat, to facilitate access to these data. We identified 15,251 credible circRNAs and validated them
through experimental approaches. Notably, we observed two significant time points for circRNA increase during spinal cord
development, approximately at embryonic day 14 (E14d) and postnatal week 4 (P4w). Analysis of circRNA expression in
various rat tissues revealed higher expression levels in central nervous system tissues compared to peripheral nervous system
tissues and other tissues. Furthermore, some highly abundant circRNAs exhibited tissue- and species-specific expression
patterns and differed from their cognate linear RNAs, such as those derived from Gigyf2. Integrating polysome profiling and
bioinformatic predictions suggested potential functions of certain circRNAs as miRNA sponges and translational templates.
Collectively, this study provides the first comprehensive landscape of circRNAs in the developing spinal cord, offering an
important resource and new insights for future exploration of functional circRNAs in central nervous system development
and related diseases.
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PNS Peripheral nervous system
qPCR Quantitative Real-time PCR
RNase R Ribonuclease R

BSJ Back-Splicing junction
RNA-Seq RNA sequencing

ORF Open reading frame

IRES Internal ribosome entry site
mo6A N6-methyladenosine
miRNAs  MicroRNAs

RBPs RNA-binding proteins

SNC Sciatic nerve crush

SCI Spinal cord injury
DRG Dorsal root ganglion

Introduction

Circular RNAs (circRNAs), a class of single-stranded RNA
molecules prevalent in eukaryotes, have re-emerged as key
regulators in gene expression, participating in various bio-
logical processes, such as neural development, neuropsychi-
atric diseases, and tumorigenesis [1—4]. Studies have shown
that circRNAs can exert their regulatory functions through
mechanisms like binding to miRNAs, interacting with RNA-
binding proteins, and serving as templates for translation
[5-7]. CircRNAs are typically produced by back-splicing,
a process that creates covalently closed loops without a 3’
polyA tail, making them resistant to exonuclease digestion
[8]. Advances in deep sequencing, particularly ribosome-
depleted RNA sequencing (total RNA-Seq) and RNase
R-treated transcriptomes, have enable the identification of
numerous circRNAs across different cell lines and tissues in
humans and mice [9-11].

Despite their low expression levels, circRNAs show dis-
tinct and dynamic expression patterns across different cell
types and tissues, particularly in the central nervous system
(CNS) where they are enriched in synapses and neuropil [10,
11]. Studies have characterized circRNAs in the developing
brain (hippocampus) and retina at several developmental
stages, demonstrating consistent up-regulation during mouse
development [11-13]. However, circRNAs in earlier stages
of CNS development remain largely unexplored, especially
in the spinal cord, a critical CNS component that mediates
sensory and motor functions. Spinal cord injury (SCI) can
result in severe and often irreversible impairment of motor
and sensory functions, underscoring the need to understand
circRNA roles in spinal cord development and injury [14].
While circRNA dysregulation in SCI has been investigated
[15], a genome-wide characterization of circRNAs specific
to the developing spinal cord remains unaddressed.

Our study aims to fill this gap by providing a comprehen-
sive landscape of circRNAs during spinal cord development
and following injury in rats. We re-analyzed a long-term
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time-series dataset of total RNA sequencing from develop-
ing and injured spinal cords, as well as relevant public data-
sets, to examine the dynamic expression of circRNAs. Our
analysis includes 217 samples from 15 RNA-Seq datasets
of rats with longer read lengths (>75 bp), which enhances
detection accuracy and enables us to capture a broader
range of circRNAs. For comparison, we also re-analyzed
94 samples from 7 RNA-Seq datasets of mice, allowing us
to identify species-specific circRNA expression patterns.
Additionally, we developed a user-friendly web application
(CiRNat), to make this extensive dataset accessible to the
scientific community.

This work provides an essential resource for understand-
ing the roles of circRNAs in neural development and injury.
By revealing the spatiotemporal expression patterns of cir-
cRNAs during spinal cord development, this study offers
new insights into how circRNAs may contribute to neural
development and response to injury. Our findings not only
advance the field of neurobiology but also open new avenues
for research into potential therapeutic targets for CNS inju-
ries and neurodegenerative diseases.

Materials and methods
Animals and tissue preparation

Sprague Dawley (SD) rats were obtained from the Experi-
mental Animal Center of Nantong University. All animal
experiments were performed following the guidelines of the
Nantong University Institutional Animal Care and Use Com-
mittee. For experiments of circRNAs expression during the
spinal cord development, the spinal cord was dissected from
rats at the ages of E11d, E18d, P1d, P2w and P8w. Rats at
the age of eight weeks were used to dissect other tissues,
including the cortex, hippocampus, spinal cord, heart, liver,
and kidney.

RNase R treatment

Total RNA was isolated from the spinal cord using TRI-
ZOL reagent (Thermo Fisher Scientific, USA) according to
the manufacturer’s protocol. RNA purity and concentration
were assessed using a Nanodrop spectrophotometer (Thermo
Fisher Scientific, USA). For RNase R treatment, 1 pg of total
RNA was either treated with O units (control) or 20 units
of RNase R (Vazyme, China) in a reaction buffer consist-
ing of 200 mM Tris—HCI (pH 8.0), 1 M KCl, and 0.1 mM
MgCl,. The treatment was conducted at 37 “C for 1 h, fol-
lowed by RNase R inactivation at 65 °C for 20 min. RNase
R-treated RNA and untreated control RNA were reverse
transcribed to complementary DNA (cDNA) using HiScript
IIT RT SuperMix for qPCR (Vazyme, China) according to



Genome-wide profiling and functional characterization of circular RNAs in neural development...

Page3of20 135

the manufacturer’s standard protocol. The resulting cDNA
was stored at —20 °C until use.

Validation of circRNAs

To validate the presence of circRNAs, the cDNA from the
RNA with RNase treatment was amplified in a 20 pL reac-
tion containing 1 pL of cDNA, 0.3 pM of each primer, and
10 pL of 2 x Rapid Taq Plus Master Mix (Vazyme, China).
The PCR cycling conditions were as follows: initial denatur-
ation at 95 °C for 2 min, followed by 32 cycles of 98 °C for
10's, 58 °C for 30 s, and 68 °C for 10 s, with a final extension
at 68 °C for 5 min. The divergent primer pairs flanking the
back-splice site were designed using Prime3 online primer
design web tool (http://bioinfo.ut.ee/primer3-0.4.0/primer3/)
and were shown in Supplementary file 5: Table S4. The PCR
products were subjected to 1.5% agarose gel electrophoresis
at 100 V for 45 min. The PCR products were extracted from
the agarose gel using FastPure Gel DNA Extraction Mini Kit
(Vazyme, China). Sanger sequencing (Azenta, China) was
further used to verified the extracted circRNAs. All experi-
ments were performed with three biological replicates to
ensure reliability and reproducibility of the results.

qPCR

To assess the relative expression of circRNA candidates,
quantitative Real-time PCR (qPCR) assays were performed
using TaqPro Universal SYBR qPCR Master Mix (Vazyme,
China) and conducted with the CFX96 Real-Time PCR
System (Bio-Rad, USA). The primers were shown in Sup-
plementary file 5: Table S4. The expression of candidates
was calculated relative to the housekeeping gene Gapdh.
All quantitative PCR reactions were conducted in triplicate.
Equal amplification efficiencies for target and reference tran-
scripts were confirmed using melting curve analysis.

Validation of circRNAs

To assess the relative expression of circRNA candidates,
quantitative Real-time PCR (qPCR) assays were performed
using TaqPro Universal SYBR qPCR Master Mix (Vazyme)
and conducted with the CFX96 Real-Time PCR System
(Bio-Rad). Gapdh was amplified as a control. The expres-
sion of candidates was calculated relative to the house-
keeping gene. To validate the presence of circRNAs, PCR
products were subjected to agarose gel electrophoresis. The
purified PCR products excised from the agarose gel are sent
to Azenta for Sanger sequencing. The divergent primers
flanking the back-splicing site were designed and listed in
Supplementary file 5: Table S4. All experiments were per-
formed with three biological replicates to ensure reliability
and reproducibility of the results.

Quality-check and pre-filtering of Ribo-Zero
RNA-seq datasets

Raw RNA-seq Fastq files of analyzed public datasets were
downloaded from the NCBI SRA database (accession were
recorded in Supplementary file 2: Table S1 and Supplemen-
tary file 3: Table S2). FastQC was used for quality checks
and Fastp v0.23.2 [16] was used for trimming adapters and
low-quality reads filtering. The newly released rat reference
genome (mRatBN7.2/rn7) and annotation were used and
downloaded from the Ensembl website (https://ftp.ensem
bl.org/pub/release-109/fasta/rattus_norvegicus/). The mouse
reference genome (GRCm39) and annotation were down-
loaded from the GENCODE database (vM27). We extracted
rRNA reference sequences from the annotation file and
aligned clean reads against rRNA sequences using Bowtie2
v2.3 [17] to estimate the percent of rRNAs.

Identification and quantification of circular RNAs
as well as linear RNAs

The raw sequencing data of rRNA-depleted RNA-Seq from
developing rat spinal cord were retrieved from our previous
study [18]. Firstly, the trimming tool, Fastp, was used to
remove low-quality reads and subsequent to the CIRCex-
plorer3 pipeline [19] using the default parameters, includ-
ing genome mapping, extraction of unmapped reads, and
identification and quantification of circular RNAs and their
cognate linear RNAs. Circular RNAs supported by at least
two back-splicing reads (BSJ read count>2) in at least two
samples from a timepoint were kept for the study. The same
pipeline was applied to other total RNA-seq and polysome
profiling datasets.

Comparison of circular RNAs with the public
database

CircAtlas [20] is a database that provides a comprehensive
circRNAs across multiple species, including rat. To com-
pare with rat circRNAs deposited in this database (circAt-
las v3.0), we firstly downloaded bed formatted file of rat
circular RNAs (Rn6) and converted into the new reference
(Rn7) coordinates using liftOver command-line tool. The
consistent circRNAs were counted when their back-splicing
junction was the same.

Developmental- and injured-regulated circRNA
analysis

To detect developmental- or injured-regulated circRNAs in
rat spinal cord, we employed the maSigPro package [21] to
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«Fig.1 Genome-wide characterization of circRNAs in the develop-
ing rat spinal cord. A The schema of the analysis. B The number
of the average (left y-axis) and shared circRNAs among replicates
(right y-axis) in each developmental time point. C The summary of
circRNA number generated by per host loci. D The summary of the
relationship between circRNA number and exon number. E The motif
pattern of circRNAs detected in developing spinal cord. F The over-
lap of circRNAs identified in developing spinal cord and circAtlas
3.0. G The high abundance of circRNAs (total BSJ read count > 200)
and functional enrichment of host loci. H Enrichment of synaptic
location geneset for host loci generating a high abundance of circR-
NAs (total BSJ count>200). I Six expressed circRNAs generated
from Gigyf2. Colorful link lines indicated BSJ from different circR-
NAs and number labelled text indicated the total BSJ count in devel-
oping spinal cord. Number in the brackets indicated included candi-
date exons in circRNAs

identify differentially expressed circRNAs along the devel-
opmental or injured time-points.

Identification of conserved circRNAs between rat
and mouse

Conserved circRNAs were defined if the exon(s) that formed
the BSJ are orthologous to the mouse exon(s) that also
formed the BSJ. Briefly, exon(s) forming the BSJ of circR-
NAs was parsed from GTF-formatted annotation files of rat
and mouse (downloaded from GenCode, M27 version) and
obtained orthologous exon(s) in mouse using the liftOver
tool. Bedtools intersect module with the parameter “-loj”
was used to obtain matched exon(s) in mouse and then the
result was manually checked.

miRNA quantification and target prediction

miRNA-Seq dataset of developing spinal cord were retrieved
from our previous study [18]. Pre-processing, identification
and quantification of miRNAs were performed using the
web-based tool, miRMaster [22] (https://ccb-compute.cs.
uni-saarland.de/mirmaster2/). miRNAs with the maximum
number of reads greater than 50 in at least two replicates
were kept. To predict candidate miRNAs targeting pseudo-
circRNAs, the first 20 nt at beginning of the sequence was
extracted and then concatenated behind the last 20 nt into a
pseudo circRNA. Single-exon derived circRNAs were also
used to predict miRNA targets. Miranda [23] (option: —en
—10 —sc 140), PITA [24] (AAG=-10) and TargetScan
[25] (type: m8 or m8:1a) were employed to predict. miRNA-
targets supported by three tools were kept.

Prediction cORF, IRES and m6A sites

The cOREF pipeline [6] was employed to predict circRNA
ORFs. IRESfinder [26] was employed to detect candidate
IRES sequences with the parameter, model 2 (window size:

174; step size: 50). The standalone SRAMP program [27]
was employed to predict m6A sites.

Statistical analysis

A two-sided unpaired t-test was performed to compare the
expression levels of circRNAs between CNS tissues and
non-CNS tissues. A one-way ANOVA was used to assess
whether there were differences in circRNA expression lev-
els across various CNS tissues. The statistical analysis was
conducted using the R programming, with a significance
threshold set at p <0.05.

Results

Genome-wide characterization of circular RNAs
in the developing rat spinal cord

To characterize genome-wide and dynamic circular RNAs
in the developing spinal cord, we analyzed our long-term
time-series of rRNA-depleted RNA-Seq dataset ranging
from the early embryonic stage (embryonic 9 days, E9d)
to the adult (12 weeks postnatal, P12w) with a total of
twelve timepoints [18] (Fig. 1A and Supplementary file 2:
Table S1). We employed a robust and accurate pipeline for
the identification and quantification of both circular RNAs
and linear RNAs, CIRCExplore3 [19], and used the newly
released rat genome (mRatBN7.2) as the reference. Both
circular exonic RNAs (circRNAs) and circular intronic
RNAs (ciRNAs) could be detected by the CIRCExplore3.
Here we only focused on circRNAs due to a low abundance
of ciRNAs (most ciRNAs with BSJ read count<2, Sup-
plementary file 1: Fig. S1). To screen the high-confidence
of circRNAs, those with at least two back-splicing junction
(BSJ) reads in at least two samples from a developmental
timepoint were kept for the downstream analysis. A total
of 6,210 circRNA candidates generating from 2696 loci
met the criterion and most were flanked by the canonical
splicing motif, AG-GT (Fig. 1E). We also compared with
rat circular RNAs deposited in the circAtlas database [20].
About 77.1% (4790 out of 6210) of the total circular RNAs
were annotated in the circAtlas database to date based on
the genomic coordinates of BSJ (Fig. 1F). Among the unan-
notated circRNAs, the top10 abundant circRNAs included
circular transcripts generated from host loci of Gigyf2, Psd3
and Slc8al (Fig. 1F). Analysis of the number of circular
RNAs in each time point, we found the smallest number at
early embryonic stage (E9d-E11d), and increased at E14d
and then small fluctuation until P3w, and gradually increased
from the P4w (Fig. 1B). Most host loci generated a small
number (< 10) of circRNAs but nine host loci could generate
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more than 17 circRNA transcripts (also known as a hot-
spot which contains multiple circRNAs originating from
the same loci [28]), including four synapse-related genes,
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Rims2, Nrxnl, Nbea, and Adgrb3 (Fig. 1C). We also noticed
that 248 out of 1283 loci (19.32%) with at least two circR-
NAs generated one major circRNA (defined with at least
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«Fig.2 Highly abundant circRNAs in CNS but not in PNS. A The
schema of analysis workflow and was created with BioRender.com.
B The number and abundance of the circRNAs in the rat body. The
upper panel showed the number of circRNAs under different thresh-
olds. The middle panel showed the ratio of circRNAs (orange) and
uniquely mapped reads (blue). The bottom panel showed the top 10
abundant circRNAs. Circle colors indicate CIRCscore and sizes indi-
cate the relative expression abundance respectively. C The circular
number and abundance in rat retina, spinal cord, DRG and sciatic
nerve in other studies. D The top 20 abundant circRNAs in three tis-
sues from two species using rRNA-depleted or further with RNase R
treatment. Text labelled showed host loci generating the top 5 circR-
NAs as well as conserved circRNAs in between mouse and rat. Link
lines between rat circRNAs and mouse circRNAs indicated ortholo-
gous pairs

fivefold of the expression of the second circRNA transcript
level), especially Gigyf2 (generating six circRNAs (designed
as a—e) and the ‘a’ transcript was the major circRNA, Fig. 11
and Supplementary file 1: Fig. S2). Consistent with the pre-
vious report [29], the increased number of circRNAs was
observed along with the increased exon number per gene
(Fig. 1D). We next investigated highly abundant circRNAs
in the spinal cord. Functional enrichment analysis showed
that host loci generating circRNAs with a total of BSJ read
count >200 were significantly enriched in terms of “neu-
ron projection development” and “maintenance of synapse
structure” (Fig. 1G). Further synaptic localization annota-
tion and enrichment analysis showed that 52 out of 361 host
loci were located at synapse and the most were located at
postsynaptic density (Fig. 1H), which was consistent with
a previous report in the mouse brain [11]. Taken together,
these results displayed and characterized circular RNAs in
the developing rat spinal cord.

Highly abundant circRNAs in CNS but not in PNS

It is commonly acknowledged that the brain harbors a sig-
nificantly higher abundance of circular RNAs (circRNAs)
in comparison to other tissues, such as the liver, lung, and
heart. While previous studies have delved into the analysis
of circRNAs in 11 tissues (brain and various non-nervous
system tissues) of developing and aging rats at different life
stages (2 w, 6 w, 21 w, and 105 w) [30, 31], these investi-
gations remain incomplete and somewhat understated due
to the relatively short length of sequencing reads (~ 50 bp).
Moreover, there is still a notable gap in the systematic com-
parison of circular RNAs between the central nervous sys-
tem (consisting of the brain, spinal cord, and retina) and the
peripheral nervous system (PNS, encompassing structures
like the dorsal root ganglion (DRG) and sciatic nerve), as
well as other diverse tissues in rats.

Fortunately, Krause et al. have recently constructed an
extensive gene expression atlas encompassing four pre-
clinical species, among which is the rat, covering up to

47 tissues (88 samples, encompassing female and male
samples of the brain, spinal cord, retina, and sciatic nerve)
across 12 major organ systems [32]. This endeavor was
achieved using an rRNA-depleted and paired-end sequenc-
ing strategy with a read length of 75 bp (PE75), thereby
providing an invaluable resource for exploring circRNAs
throughout the rat's body, particularly within the nerv-
ous system. Hence, we next investigated circRNAs in
rat diverse organ system using this valuable resource as
well as previously independent public related datasets,
including retina, spinal cord, DRG and sciatic nerve after
injury [33, 34] (Fig. 2A). We first performed quality-
check of samples from the rat body dataset and discarded
those samples with a high percent of rRNA (>30%) and
finally kept 72 samples from 38 tissues (e.g., brain, spinal
cord, sciatic nerve) with at least 50 million (M) uniquely
mapped reads for the analysis (Fig. 2A and 2B, Supple-
mentary file 3: Table S2). It showed the highest number
and abundance (estimated by the total BSJ read count) of
circRNAs in CNS tissues (cortex, cerebellum, medulla,
spinal cord etc.), with the testes showing the next highest
level compared with other tissues, including sciatic nerve
(Fig. 2B). Of the different brain regions, circRNAs in cer-
ebellum showed the most abundance (Fig. 2B), which is
also consistent with the observation in mouse [10] (e.g.,
3046 circRNAs in cerebellum, 2353 circRNAS in cortex
using the same pipeline, Supplementary file 1: Fig. S3).
We also confirmed circRNA abundance in other public
datasets from brain, retina and spinal cord, and other PNS
tissues (DRG and sciatic nerve). As observed, the number
and abundance of circRNAs in adult retina and spinal cord
were greater than that in adult PNS tissues (e.g., highly
expressed circRNAs (BSJ read count >20 in at least a sam-
ple (without replicate) or two replicates)) was greater than
130, while that in PNS tissues was less than 70, Fig. 2C).
Interestingly, in our analyzed datasets, we noticed
that global abundance of total circRNAs in retina after
ischemic stroke injury (12 h) was increased while global
abundance of total circRNAs in spinal cord was obvi-
ously decreased after 3 days post hemi-transection injury
(Fig. 2C). One example is a circRNA generated from the
exon 4 of rat Zranbl loci (ENSRNOT00000023257) that
showed a markedly increased expression in the injured
rat retina induced by glaucoma [35]. However, we found
expression of most circRNAs generated from Zranb1 loci
in rat spinal cord upon SCI were decreased (Supplemen-
tary file 1: Fig. S4), suggesting different expression pat-
terns of circRNAs in injury response of distinct neural
tissues. Taken together, by integrating available rat total
RNA sequencing datasets and a unified analysis work-
flow, we showed that the highest abundance of circRNAs
in CNS tissues, specifically in the cerebellum, compared
with that in PNS tissues and other organs.
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«Fig.3 CNS-enriched circRNAs in adult rat tissues. A The expres-
sion patterns of high abundant circRNAs in diverse rat tissues. B The
top functional enrichment of host loci generating circRNAs in cluster
1. C Tissue-specificity of linear and circular forms of cluster 1 host
loci. Red text indicated CIRCscore greater than 1. D The top func-
tional enrichment of host loci generating circRNAs in cluster 6. E An
example of immune-enriched circRNAs derived from Satbl. F The
top functional enrichment of host loci generating circRNAs in cluster
5. G Examples of tissue-specific loci. Number in the bracket indicted
the number of tissue-specific circRNAs. H The top functional enrich-
ment of host loci generating circRNAs in CNS-enriched clusters 2, 3,
and 4. I The loci generate multiple circRNAs and cluster information.
Line width represents the number of circRNAs. J The expression per-
cent of linear RNAs and circRNAs. Colorful lines and dots indicated
that a higher CIRCscore in both rat and mouse orthologous circRNAs
except a circRNA generating from a IncRNA (red star). K CircRNAs
generated from Rere and expression in major rat tissues. L. CircRNAs
generated from Rims2 and expression in major rat tissues. M A con-
served Rims2-dervied circRNA ortholog in mouse and its expression
in different brain regions

In addition, circRNAs generated from genetic loci of
Gigyf2, Ankslb, Erbin, Ssbp2, Nfix, Cdyl, Psd3, Ttc3,
Crebrf, and Zranbl, ranked the top 10 of the abundance
in the rat body dataset based on the total BSJ read count
(Fig. 2B). Except for a circRNA generated from a CNS-
specific gene (Ankslb), others top abundant circRNAs
were broadly expressed in most tissues (e.g., circ-Gigyf2).
Of these, circRNAs generated from Gigyf2, Nfix, Cdyl
and Zranbl showed a higher expression than that for
cognate linear transcripts with a CIRCscore > 1 (namely
FPB,;,. > FPB;,c.» Fig. 2B) in most tissues. We noticed
other two circRNAs (circ-Ssbp2 and circ-Crebrf) showed
an obvious higher CIRCscore in CNS tissues than that in
other tissues. Unlike in rat, the most abundance of cir-
cRNAs in mouse include circRNAs generated from host
loci, Rims2, Cdrlos, Ankslb, Gigyf2, Elf2, using a total
RNA-Seq dataset from mouse 14 tissues [9] (Supplemen-
tary file 1: Fig. S5). We then checked this phenomenon
using another public dataset from the same study [28] and
found that the most abundant circRNAs differed in tis-
sues between rat and mouse, specifically in testis (the top
20 were shown in Fig. 2D and Supplementary file 1: Fig.
S6). For example, a Zpbp-derived circRNA ranked the
top in both the total RNA Sequencing and RNase R treat-
ment datasets from rat testis, but a Bbs9-dervied circRNA
ranked the top in both the total RNA Sequencing and
RNase R treatment datasets from mouse testis (Fig. 2D).
The well-explored circular Cdrlas (also known as ciRS-7),
originating from a long non-coding RNA locus (Cdrlos),
is the most abundant in human and mouse brains [5, 36].
However, we noticed that Cdrlos loci was absent in the
rat genome annotation. Thus, given diverged expression
and sequence in circRNAs across species, it still requires
a comprehensive understanding of circRNA species in rat,
especially in tissues, development and diseases.

CNS-enriched circRNAs in Rat

Next, we focused on circRNA transcripts with a high abun-
dance (BSJ read count>5) in a tissue identified from the
rat body dataset and performed unsupervised clustering
analysis. A total of 3231 circRNAs were clustered into six
clusters and most circRNAs showed CNS- (46.2%), testis-
(21.5%) and hemic/immune- (13.9%) enriched (Fig. 3A).
Functional enrichment analysis of host genes generating
those circRNAs in each cluster was performed. Host loci
in cluster 1 were enriched in terms related with spermato-
genesis (Fig. 3B). Analysis of tissue-specificity of circular
and their cognate linear transcripts showed that most were
testis-specific (tau index > 0.8) and the specificity of circular
transcripts was greater than that in linear form (Fig. 3C). Six
circRNA transcripts showed a higher expression than that
in cognate linear transcripts, including circRNAs originat-
ing from Dock3 and Mtmli. Host loci (e.g., Satbl) gener-
ating circRNAs in cluster 6 were most enriched in terms
related with immune, including myeloid cell differentiation
(Fig. 3D and 3E). Host loci generating circRNAs in cluster 5
were enriched in tissue/organ development, including heart
development, vasculature development and renal develop-
ment (Fig. 3F). These loci included some tissue-specific
genes, and most circRNAs originating from those loci were
almost tissue-specific, such as Alb in liver and Ttn in heart
(Fig. 3G). Ttn (Titin), encoding a giant protein, consisting
of 349 exons in rat, generated 33 expressed circRNAs with
29 heart-specific and 2 skeletal muscle-specific (Fig. 3G and
Supplementary file 1: Fig. S7). Of Ttn-derived circRNAs,
the circRNA (Ttn-circ(143,144)) showed a similar abun-
dance in between heart and skeletal muscle with a total BSJ
read count of 105, respectively (Supplementary file 1: Fig.
S7).

Host loci generating circRNAs in CNS-enriched clusters
were most enriched in terms of nervous system develop-
ment, including synaptic signaling and neuron projection
development (Fig. 3H). Analysis of loci that generated mul-
tiple circRNA transcripts (=5) showed 14 synapse-related
genes, including Rims1, Rims2 and Anks1b (Fig. 3I). Of 22
Rims2-derived circRNAs, most showed a higher expression
in cerebellum than that in other CNS tissues. In general,
most loci generate a major circRNA transcript. For example,
Rims2-circ(20, 21, 22, 23) (namely e transcript in Fig. 3L)
was the most abundance and showed a greater expression
than the linear form. The orthologous exons formed BSJ
of that circRNA in mouse (namely Rims2-circ(20, 21, 22))
also showed the highest expression in cerebellum and a
higher expression than that in linear form (Fig. 3M). We
also observed that some loci generated multiple major cir-
cRNA transcripts, such as AnksIb and Rere (Fig. 3K and
Supplementary file 1: Fig. S2). Unlike Rims2-dervied cir-
cRNAs, most Rere-dervied circRNAs showed a higher
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«Fig.4 Expression patterns of circRNAs in developing and injured
spinal cord and divergence between circRNAs and linear RNAs. A
The expression of developmentally regulated circRNAs. B Expres-
sion patterns of circRNAs and enrichment terms of related host loci.
C The expression divergence between circRNAs and linear RNAs.
Point colors depict clusters in A and B panels. Point sizes depict
upper quartile of expression abundance. D Expression patterns of
20 abundant circRNAs in spinal cord after injury (identified injury-
related circRNAs were shown in Supplementary file 1: Fig. S9).
“Avg” panel depict average of expression abundance. Pink star indi-
cated validated expression in spinal cord after injury. Red star indi-
cated documented exploration of function. E Three examples of cir-
cRNAs with expression diverged from that in linear RNAs during the
developing and injured spinal cord

expression in cortex and multiple Rere-dervied circRNAs
also showed a higher expression than that in linear form
especially in medulla (Fig. 3K). We next focused on those
CNS-enriched circRNAs with a higher CIRCscore (> 1)
and classified into three categories according to the per-
cent of expression in CNS tissues compared to that in the
total tissues (Fig. 3J). As observed, a higher percent of CNS
expression of circular form than that in the linear form,
such as a circRNA produced by a long non-coding RNA
(ENSRNOGO00000066491, here designed as IncRNA-66491,
Fig. 3J). We also checked CIRCscore of mouse orthologs
using a mouse body dataset[9] and some of them showed
a higher expression and a higher CIRCscore in brain than
that in other tissues, such as a circRNA generated from Boc
(Fig. 3J). Taken together, we showed the CNS-enriched cir-
cRNAs as well as circRNAs enriched in other tissues in rat.

Developmental- and injured-regulated circRNAs
in rat spinal cord

After discussing circRNA expression in diverse tissues, we
explored the changes in expression during central nervous
system development and disease in rats. Due to a lack of
long-term time-series RNA-Seq dataset for other rat CNS
tissues, we used our developing spinal cord as well as
injured spinal cord to investigate expression changes. First,
we employed a regression-based method to detect signifi-
cant expression profile difference of highly abundant circR-
NAs (BSJ read count>5 in at least two replicates) during
the developing and injured spinal cord using the maSigPro
package [21] respectively. We identified 1505 (out of 2289;
65.7%) developmental-regulated circRNAs generating from
979 loci and clustered into nine clusters (Fig. 4A and B).
CircRNAs in most clusters presented a high expression in
adult (P8w-P12w), except for the clusters 1 and 2. Functional
enrichment of host loci generating circRNAs in clusters 1
and 2 were most enriched in the terms of “chromatin remod-
eling” and “axon guidance” respectively (Fig. 4B). A con-
served circRNA (circ-Mett19) from the cluster 2 with expres-
sion decrease along the development had been validated in

mouse retinal development [13]. Host loci generating circR-
NAs in other clusters were most enriched in synapse or ves-
icle-mediated transport to the plasma membrane (Fig. 4B).
Of other clusters, we noticed that circRNAs in the cluster 6
featured an increase at the neonatal stages (E18d ~P3d) and
parent host loci enriched in terms of “synapse organization”
and “neuron projection development”, including Anksib,
Kcnk10, Nrcam, Mapk4, and Minarl (Fig. 4B). Most abun-
dant circRNAs were presented in the clusters 4 (e.g., circ-
Gigyf2), 5 (e.g., circ-Crebrf) and 8 (e.g., circ-Ssbp2). Several
studies have described a low correlation between circRNA
and cognate linear RNA forms [29]. It was also consistent
that a low correlation (rho: 0.13) between circRNAs and
cognate linear RNA forms using the expression abundance
from this dataset of developing rat spinal cord (Supple-
mentary file 1: Fig. S8). We next asked which circRNAs
showed a large difference between circRNAs and cognate
linear RNA forms. We then calculated Euclidean distance
between circRNAs and linear RNA forms and also consid-
ered the abundance of circRNAs and presented in Fig. 4C.
We found several top abundant circRNAs that displayed a
large divergence, including circ-Gigyf2, circ-Zranbl, circ-
Ssbp2, circ-Fat3, and circ-Stau2 (Fig. 4C). Whether this
characteristic also present using the dataset of injured spi-
nal cord? We detected 240 injured-regulated circRNAs in
long-term time-series of injured spinal cord (0.5 h (h) to
28 days post-injury, only rostral samples were considered).
Most circRNAs were down-regulated, including circ-Gigyf2,
circ-Fat3, and circ-Stau2 (Fig. 4D and Supplementary file
1: Fig. S9). The expression patterns and validation of circR-
NAs (e.g., circ-Akap6) have been described and validated in
original publication of injured spinal cord [33]. Consistent
observation in developing spinal cord, we also found some
of those top abundant circRNAs (e. g., circ-Gigyf2, circ-Fat3,
circ-Stau2 in Fig. 4E) showed divergent expression between
circRNAs and cognate linear RNA forms after injury. For
example, linear Gigfy2 showed a little change in expression
pattern during the developing and injured rat spinal cord,
while circ-Gigyf2 showed a dramatic increase in adult spinal
cord and down-regulated after SCI (Fig. 4E). Taken together,
we displayed the circRNAs expression patterns in rat spinal
cord during the development and injury.

Experimental validation of circular RNAs
in developing spinal cord and other tissues

We screened 12 circRNAs for experimental verification
based on their abundance and expression changes across
various tissues and during spinal cord development, includ-
ing circRNAs derived from Ssbp2 and Minarl. To verify
the circular structure of these circRNAs, total RNA isolated
from rat spinal cord was treated with RNase R, an exonucle-
ase that selectively degrades linear RNAs. Following RNase
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«Fig.5 Experimental validation of 12 circRNAs and relative expres-
sion in diverse rat tissues and developing spinal cord. A Agarose gel
electrophoresis assay confirmed the resistance to exonucleases of
12 candidate circRNAs by RNase R treatment. Linear Gapdh was
used as the negative control. The uncropped electrophoresis image
was shown in Supplementary file 1: Fig. S11. B Sanger sequenc-
ing result of qPCR products confirmed the back-splicing junction
sequences from 12 candidate circRNAs. Arrows in the upper of base
sequences indicated the back-splicing site. C Relative expression
of 12 candidate circRNAs in six tissues of rats. Data are present as
mean+S.E.M. (n=3 samples per group, *p<0.05, unpaired t-test;
#p <0.05, one-way ANOVA test). D Relative expression of 12 can-
didate circRNAs in five developmental timepoints of rat spinal cord.
Data are present as mean + S.E.M. (n=23 samples per group)

R treatment, PCR amplification using divergent primers, fol-
lowed by agarose gel electrophoresis, yielded a detectable
product specific to the circRNA (Fig. 5A). In contrast, the
linear RNA (Gapdh) was vanished in the RNase R-treated
sample, supporting the circular nature of the circRNAs. Sub-
sequent Sanger sequencing of the PCR products confirmed
the presence of the back-splicing junction (Fig. 5B), provid-
ing further evidence for the circular configuration of circR-
NAs. The above results validate the 12 circRNAs screened
from the RNA sequencing datasets by RNase R treatment
and Subsequent Sanger sequencing.

To assess the relative expression of these circRNAs, we
conducted a qPCR experiment across six tissues (cortex,
hippocampus, spinal cord, heart, liver, kidney) and five
developmental timepoints (E11d, E18d, P1d, P2w, P8w)
(Fig. 5C and 5D). All of these circRNAs exhibited signifi-
cantly higher expression levels in CNS tissues (cortex, hip-
pocampus, and spinal cord) compared to non-CNS tissues
(heart, liver, kidney), such as circ-Anks1b, circ-Nrcam, circ-
Minarl, and circ-Ssbp2 (Fig. 5C, p <0.05, unpaired t-test).
In addition, four circRNAs showed significantly differential
expression across CNS tissues (Fig. 5C, p<0.05, one-way
ANOVA test). For example, circ-Minarl, consisting of a
single exon, showed the highest expression in the rat spinal
cord and was also highly expressed in the mouse spinal cord
(Supplementary file 1: Fig. S10). Generally, these circRNAs
had low expression at the early embryonic stage (E11d) and
increased during later embryonic and neonatal stages (E18d
and P1d), except for circ-Brsk2, which expressed only after
adolescence (P2w) and increased with development. In sum-
mary, our experimental validation confirmed the circRNAs
predicted from RNA sequencing datasets and their generally
consistent expression patterns across tissues and develop-
mental stages.

Functional exploration of abundant circRNAs in rat
model

After confirming the accuracy of circRNA predictions,
we explored their potential functions by integrating other

omics datasets and bioinformatic predictions. The circRNAs
function in various biological processes, including acting
as sponges for miRNAs or RNA-binding proteins (RBPs)
and translating into peptides or proteins [8]. We used ribo-
some footprint profiling (RFP), polysome profiling, and
mass spectrometry to investigate the translation potential
of circRNAs. Due to short fragment lengths in RFP (28-35
nt), translated circRNAs are often underestimated [11, 37].
We re-analyzed ribosome footprint and polysome profiling
data from rat hippocampus [38]. As expected, no ribosome-
associated circRNAs were detected in the RFP datasets
using the same pipeline. However, we identified 8350 cred-
ible circRNAs (BSJ read count>5 in both two replicates),
with 8280 (99.16%) in ribosome-free, 1186 (14.28%) in
monosome-associated, and 123 (1.47%) in polysome-asso-
ciated fractions (Fig. 6A). The ratio of expression between
monosome- and polysome-associated circRNAs was higher
for circRNAs and lower for linear RNAs (Fig. 6A), indicat-
ing that most circRNAs are not translated, and those that
are tend to be associated more with monosomes [39]. We
investigated the top 20 abundant polysome-associated cir-
cRNAs, including circ-Ssbp2, circ-Cdyl, circ-Nfix, and circ-
Hipk3 (Fig. 6C and Fig. 6D). Most of these circRNAs were
also highly abundant in the developing spinal cord, except
for circRNAs from Grm4 and Boc (Fig. 6C). Using IRES-
finder and SRAMP, we predicted internal ribosomal entry
sites (IRES) and N-6-methyladenosine (m6A) sites, finding
that most of these circRNAs possessed open reading frames
(ORF), IRES, and/or m6A sites (Fig. 6C), suggesting their
potential for translation.

Next, we investigated the role of highly abundant cir-
cRNAs in the developing spinal cord as miRNA sponges.
We considered only miRNAs with a maximum number of
reads greater than 50 in at least two replicates (Fig. 1A).
We scanned for miRNA binding sites spanning or near the
back-splicing junction of circRNAs (pseudo-circRNAs) or
within single-exon derived circRNAs. This analysis included
364 miRNAs and 2289 circRNAs (176 single-exon derived).
We predicted 416 (194 miRNAs and 316 circRNAs) and
1522 (256 miRNAs and 167 circRNAs) miRNA-circRNA
interactions for pseudo-circRNAs and single-exon derived
circRNAs, respectively, with support from three tools (Sup-
plementary file 4: Table S3).

We observed that miR-351-5p and miR-125a/b-5p
may bind to circRNAs generated from Cog3 (Coenzyme
Q3, Fig. 6E). Among single-exon derived circRNAs,
eight with a total BSJ read count greater than 1,000 had
multiple miRNA binding sites, including circ-Fat3(2),
circ-Slc8al(2), and circ-Cdyl(2) (Fig. 6F). Circ-Fat3(2),
generated from exon 2 of rat Fat3 loci (orthologous to
“mmu_circ_0001746” in mouse), is evolutionarily con-
served and has been implicated in neural development in
mice[40]. We predicted 25 miRNAs targeting circ-Fat3(2),
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«Fig. 6 Functional exploration of candidate circRNAs by integrating
multi-omics datasets and in silico. A The summary of the number
of circRNAs identified from polysome profiling dataset of rat hip-
pocampus. B The ratio between monosome- and polysome- expres-
sion in circRNAs and cognate linear RNAs. C The expression of top
20 polysome-associated circRNAs. D The BSJ coverage of four cir-
cRNAs as well as predicted the longest translated protein. E Three
miRNAs may bind to the pseudo circ-Cog3. F High abundant single-
exon derived circRNAs with multiple miRNAs binding. G The con-
served circ-Fat3(2) and predicted miRNA binding sites. Colorful
rectangles showed the top 10 abundant miRNAs, and grey rectangles
showed other miRNA binding sites. The top 10 abundant miRNAs
were labelled

translational templates, highlighting their diverse roles in
gene regulation.

Overview of analyzed datasets and accessible
resource

Overall, we re-analyzed a total of 22 RNA-Seq datasets from
20 publications[9-13, 15, 18, 28, 32, 34, 38, 41-49] with
15 (217 samples) from rat and 7 (94 samples) from mouse
to reveal circular RNA repertoires in the developing spinal
cord as well as in other tissues (Fig. 7A and Supplemen-
tary file 2: Table S1). For the investigation of circRNAs
expression in tissues, we included two large body atlases
for rat (SRP410543, 38 tissues, including different brain
regions and spinal cord) and mouse (CRA000348, 14 tis-
sues, including brain and spinal cord). For the investigation
of circRNAs expression in CNS development, we included
RNA-Seq datasets from the developing rat spinal cord, and
brain and retina from mouse. We also included several RNA-
Seq datasets from neuronal tissues under the condition of
injury, such as spinal cord injury (SCI) and sciatic nerve
crush (SNC) and ischemic injury. Most of these datasets
were paired-end mode and the sequencing read length were
75—150 bp. We identified at least 15,251 reliable circRNAs
from rat datasets and 34,396 circRNAs from mouse datasets
(only BSJ read count>5 was counted) respectively. Due to
the alternative splicing and short-read length of RNA-Seq,
most tools identifying circRNAs depend on the detection
of BSJ sites [50] that makes the number of predicted circR-
NAs is under-estimated and the structure is not full-length.
To further explore circRNA function, we analyzed a poly-
some profiling of rat hippocampus and miRNA-Seq from rat
spinal cord as well as bioinformatic prediction. Finally, we
developed an online R shiny application (Circular RNome
in Rat, abbreviated as “CiRNat”, http://121.41.67.1:3838/
CiRNat/) for publicly accessible to this integrated resource
(Fig. 7B). CiRNat has two main functional modules (browser
and query) that enables users to explore and visualize the
circular RNA information (e.g., host loci, expression in dis-
tinct datasets, corresponding accession in the circAtlas) and
expression abundance in different analyzed datasets.

Discussion

In this study, we characterized circular RNAs (circRNAs) in
the developing rat spinal cord and conducted an integrated
analysis incorporating additional relevant public RNA-Seq
datasets, including whole-body organ atlases from both rat
and mouse. Furthermore, we systematically compared circR-
NAs in central nervous system (CNS) and peripheral nerv-
ous system (PNS) tissues, and experimentally validated the
expression and predicted results for 12 circRNAs through
RNase R digestion, electrophoresis assay, and Sanger
sequencing. These experimental results confirmed the high
accuracy of circRNA prediction by CIRCexplore3 [19, 50].
Our findings demonstrate that the characteristics of cir-
cRNA expression in the analyzed rat datasets are highly
consistent with previous studies [11, 29]. These features
include low expression levels of circRNAs, enrichment
of circRNAs derived from synapse-related protein-coding
genes, high abundance in the brain—particularly in the cer-
ebellum region, gradual upregulation during development,
and low correlation with the expression of their linear RNA
forms [10, 11, 51]. Previous studies on developing mouse
brain and retina (E18d, P1d, P10d, P30d, etc.) have also
shown consistent circRNA upregulation along the develop-
ment process [11-13]. In contrast, we found that circRNAs
are lowly expressed in the early embryonic stages (E9d and
E11d) in rat spinal cord but increase significantly at E14d.
This suggests two expression peaks in spinal cord devel-
opment, closely associated with key developmental events
such as the rapid growth of the nervous system, neural tube
closure, and accelerated neuron differentiation [18].
Unlike the general upregulation of circRNAs observed
during spinal cord development, we noticed that most
differentially expressed circRNAs are downregulated in
spinal cord injury (SCI), including the most abundant
circ-Gigfy2. Gigfy2 linear mRNA encodes an essential
RNA-binding protein involved in translation and is associ-
ated with psychiatric disorders such as schizophrenia and
autism spectrum disorder [52, 53]. A search of mammalian
organ development expression profiles revealed that the
linear form of Gigyf2 shows minimal expression changes
across tissues, with a significant upregulation observed
only in the testes during adulthood. However, the circRNA
form of Gigyf2 exhibits higher expression in CNS tissues
compared to other tissues, including PNS tissues. As one
of the most abundant circRNAs, although circ-Gigyf2 has
been reported to be abundant in the mouse synapse, with
in situ hybridization experiments showing localization in
the cell body and dendrites of cultured mouse hippocampal
neurons [11], its function remains to be further explored.
By analyzing RNA-Seq datasets from rat and mouse, we
observed that the number of circRNAs detected in mice
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Fig.7 Overview of the analyzed datasets and accessible resource. A
Information of analyzed datasets, including species, accessions, num-
ber of samples, sequencing strategy, publication, and number of the
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exceeds that in rats, with tissue-specific, highly abundant
circRNAs showing notable differences between these spe-
cies, particularly in the testes. This phenomenon may be
attributed to differences in splicing factors and regulatory
elements across species, which affect circRNA biogen-
esis efficiency and expression profiles [54-56]. The higher
number of circRNAs detected in mice compared to rats
is likely due to differences in genome annotation com-
pleteness, which affects the identification and cataloging
of circRNAs across species. Similarly, distinct functional
demands and gene expression requirements between tis-
sues also lead to differential circRNA expression. Certain
tissues, such as the testes, may require more circRNAs
to regulate specific physiological processes, such as sper-
matogenesis [57-59].

While the function of circRNAs as miRNA sponges has
been widely studied, only a handful of circRNAs have been
validated to possess translational potential [6, 60]. Our rea-
nalysis of previous polysome data revealed that most cir-
cRNAs could not be translated, with only a few circRNAs
with potential open reading frames (ORFs) and internal
ribosomal entry sites (IRES) showing translational potential,
such as circ-Ssbp2, circ-Cdyl, and circ-Nfix. The translation
products of these circRNAs could have significant biological
implications in maintaining genomic stability, gene regula-
tion, development, and physiological functions [61-63]. In
recent years, circRNAs have been increasingly recognized
for their roles in various diseases [64] particularly cancer
and neurodegenerative disorders [51, 65, 66]. Some circR-
NAs, due to their stable circular structure, are considered
promising as early biomarkers [67]. For example, certain
circRNAs are overexpressed in cancer cells and may regulate
pathways related to cell proliferation, making them potential
targets for anticancer therapies [68]. Additionally, circRNAs
have shown potential in neurodegenerative diseases, where
their roles in neuronal homeostasis and synaptic function
may provide new insights into disease mechanisms [69, 70].
Emerging technologies like single-cell sequencing and spa-
tial transcriptomics provide valuable tools for investigating
circRNA functions at cell-type and tissue-specific levels
[71], enhancing our understanding of their roles in cellular
differentiation, tissue structure, and CNS mechanisms [72].

This study also has certain limitations. First, our
research relies heavily on publicly available RNA-Seq
datasets, which vary in quality and sequencing depth.
These variations can introduce bias in circRNA identi-
fication, potentially leading to an underrepresentation of
low-abundance circRNAs. For instance, limited sequenc-
ing depth in some datasets may fail to capture the full
circRNA repertoire, particularly for circRNAs with lower
expression levels. Another potential source of bias arises
from differences in genome annotation completeness.
Since the rat genome is currently less comprehensively

annotated than the mouse genome, certain circRNA detec-
tion algorithms that heavily rely on genome annotation
completeness, such as CIRCexplore3, may introduce
additional bias due to their underlying computational
methods, leading to lower circRNA counts in rat datasets.
Future research could address this limitation by enhanc-
ing genome annotation through large-scale RNA-Seq data
integration and advanced circRNA prediction tools. Lastly,
while we performed experimental validation on a subset
of 12 circRNAs, this relatively small sample size may
limit the generalizability of our findings to all identified
circRNAs, and more extensive validation across different
developmental stages and tissue types is essential to fully
understand circRNAs' functional roles. Gene-editing tools
like CRISPR/Cas9, along with single-cell sequencing and
spatial transcriptomics, will be essential for exploring the
functions of key circRNAs and evaluating their potential
as biomarkers or therapeutic targets [73].

In conclusion, this research presents the first compre-
hensive landscape of circRNAs across various rat tis-
sues, emphasizing spinal cord development and injury
responses. Our findings reveal distinct circRNA expression
patterns that may enhance understanding of their roles in
neural development and pathology. This resource provides
a valuable foundation for exploring circRNA functions and
holds promise for identifying biomarkers or therapeutic
targets in neurobiology and clinical research, potentially
advancing diagnostic and treatment approaches for neu-
rological disorders.
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