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circRNAs, a large class of RNAs with covalent circular structure, 
are involved in the regulation of many biological processes1,2. 
Most circRNAs investigated to date were proposed to act as 

microRNA (miRNA) sponges3–5, whereas others were suggested 
to act as RNA-binding protein (RBP) sponges6, to enhance protein 
function7,8, to encode peptides9, to form RNA duplex structures10 
and to regulate transcriptional pausing by binding to their host gene 
locus11. A small proportion of the millions of circRNAs profiled in 
eukaryotic organisms are derived from the mitochondrial genome 
and have been associated with the progression and prognosis of dis-
eases12–14. The emerging roles of circRNAs indicate the importance 
of sequencing these circular transcripts.

Several computational methods were recently developed to 
sequence circRNAs15–18. Most existing tools rely on the alignment 
of short Illumina RNA sequencing (RNA-seq) reads, and their 
detection ability is considerably limited by the relatively short 
length of Illumina sequencing reads. Considering that most cir-
cRNAs are derived from exonic regions18, these alignment-based 
methods are unable to distinguish circular reads from the over-
lapping regions of corresponding linear transcripts. Long-read 
sequencing technologies, including PacBio and Oxford Nanopore, 
have provided insights into transcriptome complexity and allow 
ultra-long sequencing of complementary DNA (cDNA) mol-
ecules, enabling easy reconstruction of transcript isoforms19. 
However, in most studies, cDNA was sequenced using oligo(dT) 
primers, which is not suitable for circRNA detection because cir-
cRNAs do not contain the poly(A) sequence. Thus, only a few 
attempts have been made to apply long-read sequencing tech-
nology to circRNA studies. In a recent study, PacBio sequenc-
ing was used to identify full-length sequences of circRNAs from 
reverse transcription polymerase chain reaction (RT–PCR) prod-
ucts20. However, the specific PCR primers were designed to tar-

get a subset of candidate circRNAs and were able to detect only 
full-length sequences of selected circRNAs one at a time. Another 
study used nanopore sequencing with fragmented circRNAs and 
identified circRNAs using a BLAT-based pipeline21. However, the 
accuracy and sensitivity of these methods remain unexamined, 
and the methods were unable to achieve high-throughput, direct 
sequencing of circRNAs.

Here we present an experimental and computational method 
(CIRI-long) for extensive profiling of full-length circRNAs using 
nanopore sequencing technology. We demonstrate that our method 
has considerable advantages in efficiency and reliability for circRNA 
detection and reconstruction over currently available approaches 
and provides novel insights into the diversity and biogenesis of 
circRNAs.

Results
A modified nanopore sequencing protocol for efficient iden-
tification of circRNAs. To efficiently enrich circRNAs, a cus-
tomized approach for RNA-seq library preparation was modified 
(Fig. 1a). In brief, ribosomal RNA (rRNA) was removed from 
extracted total RNA using a RiboZero kit. Then additional 
poly(A)-tailing treatment was applied before RNase R digestion 
to increase the efficiency of linear RNA degradation according 
to a previous study22. Afterwards, reverse transcription was per-
formed with random primers and SMARTer reverse transcriptase 
to amplify circRNAs by producing long cDNA molecules contain-
ing multiple copies of full-length circRNA sequences. In this step, 
SMARTer sequencing adapters were added to both ends of cDNA 
molecules to enable effective amplification of these long cDNAs 
without poly(A) tails. Finally, nanopore sequencing libraries were 
constructed after fragment size selection and sequenced using the 
MinION platform.
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To obtain clean sequences that contain only circRNAs, reads 
were first base-called and de-multiplexed using ont-guppy. Then 
barcodes and primers were trimmed using Porechop with a modi-
fied primer library (Methods). A novel algorithm, CIRI-long, is 
proposed for circRNA characterization and isoform quantifi-
cation from the nanopore sequencing data (Fig. 1b). Initially, 
a set of k-mers was used to search for repetitive patterns and 
detect boundaries of circRNA fragments in the nanopore reads 
(Supplementary Fig. 1). Next, partial order alignment23 was 
performed to generate a cyclic consensus sequence (CCS) for 
each nanopore read using the SPOA library24, and a threshold 
of 80% similarity between repetitive segments and CCS was 
used to screen high-confidence candidates (Supplementary Fig. 
2). Afterwards, CCSs were aligned to the reference genome for 
detection of back-spliced junction (BSJ) patterns, and annotated 

splice sites and canonical splice signals were used to determine 
the boundaries and types of circRNAs.

To further improve the accuracy of circRNA detection and 
quantification, all candidate circRNA sequences from the nano-
pore reads were aggregated together in the next step (Fig. 1c). These 
sequences were clustered based on their alignment positions, where 
each cluster represents a putative circRNA locus. Then a consensus 
sequence for each cluster was generated, and the precise location of 
the BSJ site was determined using dynamic programming. Finally, 
after filtering the clusters with fewer supporting reads or ambiguous 
splice signals, the expression matrices of remaining circRNAs were 
generated as the final output.

Experimental optimization for capture of full-length circRNAs. 
To comprehensively evaluate the effects of various experimental 
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Fig. 1 | Method overview. a, Construction of nanopore sequencing libraries. Total RNA was extracted and subjected to poly(A) tailing and RNase R 
treatment to degrade linear RNAs. The remaining RNAs were amplified using rolling circular reverse transcription, and the 1-kb size was selected with 
magnetic beads. The cDNA libraries were sequenced using the MinION platform. b, Workflow of circRNA identification. The raw nanopore reads 
are split into repetitive fragments using the occurrence of identical k-mers, and a CCS for each read is constructed using partial order alignment. The 
CCS sequences are aligned using Python interfaces of minimap2 and bwa, and BSJs are identified from the alignment results. The type of circRNAs is 
determined based on the coordinates of the BSJ and annotation of the reference genome. c, Aggregation of the results from multiple samples. Candidate 
circRNAs from multiple samples are collapsed together and clustered based on the alignment positions. The consensus junction sequence of each cluster 
is constructed, and the corrected BSJ sites are calculated using dynamic programming. All candidate sequences are assigned to curated circRNA isoforms, 
and the expression matrices of high-confidence circRNAs are generated as the final output. lncRNA, long non-coding RNA.

NAtuRe BIoteCHNoLogY | VOL 39 | JULy 2021 | 836–845 | www.nature.com/naturebiotechnology 837

http://www.nature.com/naturebiotechnology


Articles NATuRe BIOTeCHNOlOgy

conditions on our methods, 32 nanopore sequencing libraries 
were constructed to determine the optimized protocol (Fig. 2a). 
In brief, total RNA was extracted from two biological replicates of 

mouse brains, and each replicate was divided into two batches. In 
each batch, several reverse transcription strategies (with or with-
out A-tailing, SMARTer or Maxima reverse transcription, with or 
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Fig. 2 | experimental optimization of capture of full-length circRNAs. a, Schematic view of optimization of experimental conditions. Total mouse brain 
RNA was extracted, divided into two batches and treated using a combination of various reverse transcription strategies (RNase R treatment with or 
without A-tailing, SMARTer or Maxima RT, with or without RNase H treatment). Various fragment sizes (400 bp, 600 bp and 1 kb) of the cDNA products 
were selected and then sequenced on a MinION platform. b, N50 of raw nanopore reads. The probability density function of read length from the libraries 
with various fragment sizes is shown in yellow (400 bp), green (600 bp) and blue (1 kb). c, Percentage of full-length and partial supporting reads under 
various experimental conditions. Different bars on the x axis represent libraries with different experimental treatments (n = 2 independent experiments). 
d, The percentage of BSJ reads from mutually supported circRNAs in Illumina RNA-seq data (n = 2 independent experiments). CircRNAs were identified 
from the total RNA and RNase R-treated Illumina RNA-seq libraries using CIRI2, and the number of circular reads was calculated by summing all BSJ reads 
for each circRNA. e, Length distribution of detected circRNAs from libraries with different size selections. Upper, the distribution of circRNA lengths was 
calculated using Gaussian kernel density estimation. Bottom, the expression level of each circRNA was used as weight in Gaussian kernel density estimation. 
f, Saturation curve of circRNA identification. For each dataset, different numbers of reads were randomly sampled from real sequencing data, and the 
corresponding numbers of circRNAs and data size were calculated. g, The distribution of circRNA length and expression levels. The hexagonal heat map 
was plotted using the hexbin function of matplotlib42, and the filled color represents the number of circRNAs in each hexagonal bin. h, Efficiency of circRNA 
detection based on various fragment sizes. Datasets with identical data size (1 Gb) but different read lengths were simulated using all circRNAs detected in 
the Illumina data, and the y axis represents the recall rate of the simulated circRNAs. Right, the recommended protocol for nanopore library construction. 
Total RNA was subjected to A-tailing and RNase R treatment, reverse transcribed using SMARTer RT without RNase H treatment and size selected to 
approximately 1 kb. nt, nucleotides.
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without RNase H treatment) were used, and the capture efficiency 
of full-length circRNAs was evaluated.

To verify the effect of RNase H treatment in circRNA enrichment, 
libraries in Batch 1 were subdivided into two groups, one of which 
was treated with RNase H during reverse transcription to hydrolyze 
the template RNA behind the polymerase. Variable size of library 
selection (600 bp and 1 kb; Fig. 2b) was used in Batch 2, where lon-
ger libraries can reduce the proportion of linear undegraded frag-
ments. All libraries were sequenced across three MinION flow cells, 
generating a total of 73,168,913 nanopore reads with average size 
ranging from 500 Mb to 3 Gb (Supplementary Table 1). Additionally, 
one total RNA library and one RNase R library were constructed 
for each biological replicate and were sequenced using an Illumina 
sequencer with paired-end 150-bp reads for further comparison 
and validation.

To rigorously evaluate the performance of each treatment, the 
percentage of full-length and partially supported circRNA reads was 
calculated to represent the enrichment coefficient of circRNAs (Fig. 
2c and Supplementary Fig. 3). As expected, a significant improve-
ment was observed after fragment size selection. The average frac-
tion of full-length reads was approximately 1% in libraries without 
size selection. However, there was a three-fold and six-fold increase 
in libraries with medium and long fragment sizes, respectively, indi-
cating that library size selection is the most relevant factor for cap-
ture of full-length circRNAs. The A-tailing treatment also improved 
the detection sensitivity and increased the efficiency of RNase R 
digestion of linear transcripts containing G-quadruplex structure, 
whereas using SMARTer reverse transcriptase induced only small 
differences in the A-tailing-treated group compared to that detected 
using Maxima reverse transcriptase (Supplementary Figs. 4 and 5). 
Comparison of the RNase H group (light green bars) and the other 
groups indicated that RNase H treatment has a negative influence 
on circRNA detection. Overall, these results demonstrate that the 
length of reverse transcription is the major factor influencing the 
detection efficiency of circRNAs. Compared to 6% of circular reads 
obtained in nanopore libraries under optimized conditions, the per-
centage of circular reads identified in Illumina RNA-seq data was 
only 0.06% and 0.27% in total RNA- and RNase R-treated librar-
ies, respectively (Fig. 2d), in agreement with the data of previous 
studies25. This result suggests that nanopore sequencing is more effi-
cient in circRNA detection than traditional short-read sequencing 
technologies.

Next, we determined whether size selection in nanopore 
sequencing library preparation causes a bias in circRNA detection. 
As shown in Fig. 2e, an increase in the fragment size induced a cor-
responding shift in the length distribution of detected circRNAs to 
the right. However, when the expression levels of circRNAs were 
considered, nanopore libraries with medium fragment size and 
without size selection had a similar length distribution of identified 
circRNAs, which is consistent with the characteristics of circRNAs 
detected in the Illumina sequencing dataset (Supplementary Fig. 6). 
Nanopore libraries with long fragment sizes preferentially detect 
longer circRNAs, suggesting that improper selection of fragment 
size might lead to biased detection of circRNAs.

To explore the optimized length of fragment selection, the satu-
ration curve of circRNA detection was calculated for the nanopore 
and Illumina RNA-seq libraries. As shown in Fig. 2f, the saturation 
curve of the nanopore sequencing libraries was significantly higher 
than that of the Illumina libraries. However, nanopore libraries with 
long and medium fragments showed a similar performance in detec-
tion of circRNAs, indicating that size selection over a certain thresh-
old does not increase detection sensitivity. To explain this result, 
the correlation between the circRNA length and expression levels 
was visualized as a hexagonal heat map. As shown in Fig. 2g, most 
circRNAs are shorter than 1 kb, and longer circRNAs tend to have 
lower expression levels, indicating that a fragment size of approxi-

mately 1 kb might be already sufficient for the detection of most 
circRNAs. Subsequently, we simulated datasets with the same data 
size but different fragment lengths ranging from 400 bp to 1,500 bp. 
As expected, the percentage of detected circRNAs was dramatically 
decreased concomitant to an increase in fragment sizes over 1 kb, 
indicating that circRNA detection using fragment selection around 
1 kb has the highest efficiency (Fig. 2h). Thus, optimal procedures 
for circRNA detection using nanopore sequencing technology 
should include total RNA treatment using A-tailing and RNase R 
digestion and subsequent reverse transcription with SMARTer RT 
under RNase H− conditions. The optimal fragment size selection 
should be approximately 1 kb to balance the tradeoff between the 
detection efficiency and sensitivity for full-length circRNAs.

Validation of circRNAs using simulated and Illumina RNA-seq 
datasets. To evaluate the reliability of CIRI-long, NanoSim26 was used 
to generate the simulated nanopore sequencing datasets (Methods). 
Then CIRI-long was used to characterize circRNAs in the simulated 
data. For read-level analysis, CIRI-long achieved an F1 score of 0.92, 
indicating high sensitivity and accuracy of circular read detection 
(Supplementary Table 2). The length of CCSs detected by CIRI-long 
also highly correlated to the simulated length (Fig. 3a). The pre-
dicted and simulated coordinates of each circRNA were evaluated to 
compare circRNA levels. As shown in Fig. 3b, for the vast majority 
(96.57%) of identified circRNAs, CIRI-long was able to accurately 
determine the BSJ site. In addition, a small fraction (1.07%) of reads 
were observed to be falsely assigned to BSJ sites within a 50-bp dis-
tance, which was apparently due to incorrect estimation of splice 
sites caused by sequencing errors. Considering the relatively high 
error rate in nanopore sequencing data, we assessed the accuracy of 
raw sequencing reads and CCSs, respectively. With the increase of 
read length, the coverage of full-length CCS increased accordingly, 
which resulted in an accuracy of CCS ranging from 92.6% to 98.1% 
(≥5 copies of full-length CCS; Supplementary Figs. 7 and 8). Taken 
together, these results demonstrate that our approach can effectively 
reduce sequencing errors by constructing CCSs and, thus, improve 
the accuracy of circRNA detection.

CIRI-long was tested using 32 nanopore sequencing datasets 
described above. Initially, the robustness of circRNA detection in 
two biological replicates was verified. All sequencing reads from each 
biological replicate were merged into a single dataset, and counts 
per million (CPM) reads were used to estimate the levels of expres-
sion. As shown in Fig. 3c, the expression levels of circRNAs detected 
in the replicate samples were highly correlated (Pearson correlation 
coefficient = 0.91), indicating high robustness of our experimental 
and computational methods. Next, circRNAs identified by nanopore 
sequencing were compared to those detected by Illumina RNA-seq 
(Methods) or archived in the public circRNA database (circAtlas 2.0 
(ref. 27)). All circRNAs detected in the nanopore sequencing datas-
ets were pooled, and a threshold of two back-spliced reads was set 
to filter high-confidence circRNAs. A total of 32,223 and 140,588 
circRNAs were detected in the Illumina and nanopore datasets, 
respectively (Fig. 3d); 15,673 circRNAs were detected in both datas-
ets and have also been recorded in the circAtlas database. Only half 
of circRNAs (50.29%) in the Illumina datasets were present in the 
nanopore sequencing data; however, these shared circRNAs had 
higher expression levels than that of the other half of circRNAs and 
constituted 86.42% of the BSJ reads in the Illumina RNA-seq data 
(Fig. 3e). For circRNAs detected by nanopore sequencing, 65% and 
78% of BSJ reads are confirmed by the Illumina data and the circAt-
las database, respectively (Supplementary Fig. 9), and over 80% of 
medium- or high-abundance circRNAs (≥20 supported reads) are 
validated in the Illumina RNA-seq or circAtlas database (Fig. 3f).  
Notably, a large number of circRNAs were present only in the nano-
pore datasets, and these nanopore-specific circRNAs were gener-
ally expressed at low levels and had the length distribution similar 
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to that of the shared circRNAs (Fig. 3g), thus demonstrating high 
sensitivity of detection of low-abundance circRNAs using nanopore 
sequencing technology.

To experimentally validate the accuracy of circRNA detection 
and quantification by CIRI-long, 16 quantitative real-time RT–PCR 
assays were performed using randomly selected circRNAs with 

various expression levels (Supplementary Table 3 and Methods). 
These circRNAs were successfully validated by PCR and Sanger 
sequencing. In addition, a high correlation (Pearson correlation 
coefficient = 0.75) between the cycle threshold (CT) values of cir-
cRNAs obtained by quantitative RT–PCR and predicted expression 
levels was observed (Fig. 3h). Moreover, we obtained 40 circRNAs 
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as a benchmark set from two previous studies28,29 and validated the 
quantification consistency between different sequencing protocols 
(Supplementary Fig. 10). Taken together, these results demonstrate 
the high reliability of CIRI-long for detection and quantification of 
circRNAs of the nanopore datasets.

CIRI-long uncovers the complexity of circular transcripts and 
splicing events. Alternative circularization and alternative splicing 
of circRNAs can generate multiple circular transcripts from the same 
gene locus, which are considered the main contributors to diver-
sity of circRNAs17,18. To accurately identify these events using the 
nanopore sequencing data, a sequence-based strategy inspired by a 
previous study was modified to characterize various full-length iso-
forms of circRNAs19. In brief, circular sequences from the same cir-
cRNA were aligned to the reference genome and clustered based on 
pair-wise sequence similarity to distinguish various isoforms (Fig. 
4a). Then the consensus sequence of each isoform was generated, 
and the canonical GT/AG splice signal was used for curation of exon 
boundaries. Finally, a total of 115,755 alternative circularization 
events of 15,905 genes were identified in the nanopore sequencing 
libraries (Supplementary Fig. 11). In contrast, only 25,159 alterna-
tive circularization events of 6,928 genes were determined using the 
Illumina RNA-seq data, which indicates higher sensitivity of circu-
lar isoform identification using nanopore sequencing. To investi-
gate the alternative splicing (AS) pattern of circRNAs, four types 
of AS events in our data were classified, including exon skipping 
(ES), alternative 5′ or 3′ splicing sites (A5SS and A3SS) and intron 
retention. For comparison, CIRI-AS was used to identify circRNA 
exons (cirexons) and AS events in Illumina RNA-seq libraries. A 
total of 90,759 and 49,646 cirexons were identified in the nanopore 
and Illumina data, respectively, and 93.6% of cirexons detected 
in the Illumina data were also detected in the nanopore libraries 
(Supplementary Fig. 12). A total of 6,714 AS events were detected in 
the nanopore data, and only 3,243 AS events were identified in the 
Illumina data (Supplementary Fig. 13). Notably, ES events constitute 
approximately 50% of AS events identified in the nanopore libraries, 
and only 33% of AS events in Illumina libraries were considered ES, 
suggesting that prediction of AS events using short-read sequenc-
ing technology might lead to biased detection of circRNA sequences 
and might fail to detect skipping events of internal cirexons. For 
instance, 65 full-length isoforms of high-confidence circRNAs (≥10 
supporting reads) were detected in the case of the Rims2 gene based 
on the nanopore sequencing data (Fig. 4b). Only ten isoforms of 
these circRNAs were fully reconstructed by CIRI-AS using the 
Illumina RNA-seq data. Moreover, 17 of 31 isoforms detected only 
in the nanopore data were validated using circAtlas, demonstrat-
ing better sensitivity of detection of complex circRNA isoforms and 
splicing events using nanopore sequencing.

In previous studies, back-spliced events in mitochondrial 
genomes were often considered false-positive alignments4,30,31 
because mitochondria lack canonical spliceosome machinery 
required for biogenesis of most exonic circRNAs. However, recent 
studies confirmed the presence of mitochondria-derived circRNAs 
and demonstrated the biological functions of these circRNAs12–14. 
Using nanopore sequencing technology, 156 circRNAs with direct 
evidence of full-length circular structures were detected based on 
the mitochondrial genome. Consistent with a previous study12, 
most of these mitochondrial circRNAs were encoded by the light 
chain and were located in the antisense region of the protein-coding 
genes in mitochondrial DNA (Fig. 4c). The array of circRNA 
sequences and mitochondrial genes suggests that these circRNAs 
might be trans-acting factors and can play certain roles in the 
post-transcriptional regulation of mitochondrial gene expression. 
Moreover, 44 circRNAs were observed to originate from loca-
tions spanning different gene loci; most of these circRNAs origi-
nate from a combination of two protein-coding genes (Fig. 4d). 

Further examination demonstrated that most of these circRNAs 
were derived from transcriptional read-through events of adjacent 
genes rather than trans-spliced transcripts, which is consistent with 
the relatively low incidence of trans-splicing events in vertebrates32 
(Supplementary Fig. 14). For experimental validation, outward 
primers were designed to amplify the targeting BSJ region, and 
Sanger sequencing was used for sequence validation of 21 randomly 
selected circRNAs (Supplementary Table 4). In addition, two tran-
scriptional read-through and two intronic self-ligated circRNAs 
(mentioned below) were validated with northern blotting (Methods 
and Supplementary Fig. 15). Overall, these findings demonstrate 
high performance of our methods in the investigation of various 
circRNAs.

A new type of intronic self-ligated circRNAs. To explore the 
diversity of circRNA biogenesis, all circRNAs were divided into two 
groups according to the start and end coordinates of back-splicing 
events. CircRNAs were defined as annotated if their start and end 
coordinates matched the annotated splice sites in the GENCODE 
vM20 annotation; all other circRNAs were categorized as novel. 
In agreement with previous studies17,18, 90% of exonic circRNAs 
were derived from annotated splice signals, whereas most intronic 
and intergenic circRNAs were classified as novel circRNAs (Fig. 
5a). Notably, a small proportion of intronic circRNAs matched 
the annotated splice sites. To determine potential mechanisms of 
biogenesis of these circRNAs, intronic circRNAs were classified 
into three categories: (1) intronic exonic circRNAs (intronic cir-
cRNAs with flanking canonical AG/GT splice signals), (2) intronic 
self-ligated circRNAs and (3) lariat intronic circRNAs (Fig. 5b and 
Supplementary Fig. 16). Intronic exonic circRNAs use the canonical 
AG/GT splice signals, and their back-splicing pattern is similar to 
that of most exonic circRNAs. In contrast, intronic self-ligated cir-
cRNAs are generated by direct ligation of the 3′ and 5′ splice sites of 
the host intron, which was not fully characterized previously. Lariat 
intronic circRNAs are derived from the 2′–5′ branch of intronic lar-
iats, as described in previous studies33. For instance, the sequences 
of an intronic self-ligated circRNA (circPbrm1) and a lariat intronic 
circRNA (circCtdsp2) are shown in Fig. 5c. The former is composed 
of the full-length sequence of intron 27 of Pbrm1, and the latter con-
tains only a truncated sequence of intron 3 of Ctdsp2. The motif 
analysis of the flanking sequences adjacent to the BSJ regions dem-
onstrated high similarity between intronic exonic circRNAs and 
exonic circRNAs because both groups have conserved flanking AG/
GT signals (Fig. 5d). In contrast, intronic self-ligated circRNAs have 
conserved internal GT/AG signals, indicating full-length circular-
ization of the host intron34. The PhastCons score35 was used to assess 
the conservation of flanking regions in each group of circRNAs. As 
shown in Fig. 5e, intronic exonic circRNAs have lower conservation 
scores, and intronic self-ligated and lariat intronic circRNAs are 
associated with flanking regions with strong conservation scores, 
indicating distinct biogenesis mechanisms of these circRNAs.

The expression pattern of intronic self-ligated circRNAs 
was investigated by profiling of circRNAs and their associated 
forward-spliced junctions (FSJs) and BSJs in the total RNA and 
RNase R-treated Illumina RNA-seq libraries from 15 normal mouse 
tissues36. All libraries were sequenced using 250-bp paired-end 
reads, and CIRIquant25 was used to detect circRNAs using circular 
decoys constructed based on all introns in the protein-coding genes. 
As shown in Fig. 5f, the FSJ reads across the BSJ site of intronic 
self-ligated circRNAs are present in all total RNA libraries of vari-
ous tissues; however, the intronic self-ligated circRNAs are enriched 
only in the central nervous system (whole brain, cerebellum and 
spinal cord), which matches the expression preference of most cir-
cRNAs29. To estimate potential function of intronic self-ligated cir-
cRNAs, the conservation of flanking exons and introns was analyzed 
(Fig. 5g). The flanking exons of intronic self-ligated circRNAs have 
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a significantly higher conservation compared to the average con-
servation score of all exons of the host gene (paired-sample t-test, 
P < 0.001), and no significant differences in the conservation were 
observed between circular introns and the corresponding flanking 
introns.

An intronic self-ligated circRNA derived from the Tpm1 gene 
has relatively high supported reads and conservation score; Tpm1 
encodes a highly conserved actin-binding protein involved in 
the formation of striated and smooth muscle and cytoskeleton in 
non-muscle cells37. circTpm1 is generated from intron 5 of the Tpm1 
gene and has an exceptionally higher conservation level (assessed 

by phyloP38 score) compared to introns in the flanking regions (Fig. 
5h). In addition, the existence of circTpm1 was further validated 
using RT–PCR and Sanger sequencing (chr9:67032027–67032793 
in Supplementary Table 4). Analysis of circTpm1 indicates a dis-
tinct expression pattern of FSJ and BSJ reads. The Tpm1 gene and 
the FSJ of circTpm1 are highly expressed in the skeletal muscle and 
heart, and back-spliced reads are also detected in the cerebellum. 
It should be noted that a switch between the FSJ and BSJ reads was 
observed in the whole brain and cerebellum samples, suggesting 
that circTpm1 is not a byproduct of linear intron splicing. Moreover, 
the results of de novo profiling using mouse and human tissues 
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revealed that most intronic self-ligated circRNAs are enriched in 
the whole brain and cerebellum samples (Fig. 5i and Supplementary 
Figs. 17 and 19). Thus, a unique expression pattern suggests a role 
of circTpm1 in the regulation of biological processes. Overall, these 
findings demonstrate that nanopore sequencing and CIRI-long sys-
tematically characterized a new type of circRNA and are helpful in 
the studies of circRNA functions and biogenesis.

Discussion
We present an experimental and computational protocol for direct 
detection of full-length circRNA isoforms using nanopore sequenc-
ing. circRNAs are reverse transcribed in multiple rounds of circular 
amplification of the same circRNA molecule to provide direct evi-
dence of the circular structure of the transcripts. Comprehensive 
evaluation of CIRI-long using simulated datasets, Illumina RNA-seq 
data and experimental validation demonstrates the reliability of our 
approach in decoding the complex array of the circular transcripts 
and splicing events that have not been investigated previously.

Comparison of various experimental conditions demonstrated 
that selection of the length of the fragments is the major factor 
influencing the efficiency of circRNA detection. Other experimen-
tal treatments have a slight effect on the length of sequencing reads 
(Supplementary Fig. 4); however, an increase in the fragment size 
significantly enhances circRNA detection. Selection of appropri-
ate length (~1 kb) and optimization of other treatment conditions 
resulted in a 20-fold increase in the percentage of circular reads 
compared to that obtained by traditional Illumina-based sequenc-
ing (Supplementary Figs. 20 and 21). However, considering a lim-
ited number of circRNAs, selection of a longer fragment size might 
result in a lower load of starting cDNA, which leads to a reduction in 
the sequencing quality. Evaluation using Illumina RNA-seq librar-
ies and the circAtlas database demonstrated that our method can 
efficiently detect circRNAs with higher expression levels and reli-
ably detect several low-abundance circRNAs. However, a simulation 
study suggests that the overselection of the fragment size above 1 kb 
might result in an enrichment in longer circRNAs, which can cause 
bias in the detection of circRNAs.

Considering that the fraction of circRNAs is usually <1% of total 
RNA after rRNA depletion, a large sequencing dataset is required 
for optimal detection of circRNAs using Illumina RNA-seq. Recent 
studies detected an overwhelming number of circRNAs across sev-
eral vertebrate species27. For instance, circAtlas collected a total of 
252,811 circRNAs detected in mouse, whereas only 138,835 lin-
ear transcripts were annotated in the GENCODE project39. Vast 
diversity of circRNAs indicates that de novo detection of circular 
transcripts in various transcriptomes remains challenging. Most 
currently available approaches to circRNA identification rely on the 
detection of reads spanning BSJs, which are unable to distinguish 
linear and circular reads aligned to the internal region of circRNAs. 
In our method, each transcribed cDNA molecule contains multiple 
copies of the corresponding full-length circRNA sequence, and each 
long read provides direct evidence of the presence and sequence of a 
circRNA. CIRI-long can accurately determine additional alternative 
circularization and alternative splicing events and provides over a 
five-fold increase in alternative circularization events using similar 
data size compared to the results obtained using Illumina RNA-seq. 
In addition, nanopore sequencing libraries detected a two-fold 
higher number of cirexons and AS events compared to those 
detected using the Illumina data. Moreover, 65 full-length circRNA 
isoforms with more than ten supporting reads are detected within 
the Rim2 gene locus, whereas only ten circRNA isoforms can be 
fully reconstructed using the Illumina RNA-seq data. Furthermore, 
quantitative RT–PCR of randomly selected circRNAs validated high 
reliability of circRNA quantification using nanopore sequencing 
data and demonstrated enhanced applicability of this approach to 
circRNA studies.

In most circRNA studies, circRNA candidates without the 
canonical AG/GT splice sites and candidates mapped to the mito-
chondrial genome are removed to increase the accuracy of circRNA 
identification3,17,40,41. However, these methods fail to detect cir-
cRNAs with non-canonical splice signals or circRNAs derived from 
the mitochondrial genome. We applied our method to investigate 
156 mitochondria-derived circRNAs with AG/GT signals. In agree-
ment with a previous study, >80% of these circRNAs are derived 
from the light chain of mitochondrial genome and might serve as 
trans-factors for the regulation of mitochondrial gene expression. 
Moreover, we identified a new type of intronic self-ligated circRNA 
with a distinct, previously incompletely characterized internal GT/
AG splice signal rather than the flanking AG/GT signal characteris-
tic of most exonic and intronic exonic circRNAs.
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Methods
Nanopore library preparation. Total RNA from two healthy adult mice was 
isolated using TRIzol (Invitrogen), and the quality of RNA was assessed with 
an Agilent fragment analyzer system. A RiboErase kit (human/mouse/rat, Kapa 
Biosystems) was used to remove rRNA from 1 μg of total RNA. Then total RNA 
was divided into two groups for construction of RNase R and A-tailing/RNase R 
libraries. For normal RNase R libraries, RNase R was purchased from Epicentre, 
and rRNA-depleted RNA was incubated at 37 °C with 20 U μl−1 of RNase R in 
a 0.5-μl reaction for 15 min. In the latter group, 5 U μl−1 of poly(A) polymerase 
(NEB) was used to add an additional poly(A) tail to the linear transcripts and to 
increase the digestion efficiency of RNase R. Ribosomal-depleted total RNA was 
incubated at 37 °C with 1 μl of poly(A) polymerase for 30 min and subjected to 
RNase R treatment as described above.

Next, RNase R-treated RNA was reverse transcribed using random 
hexamers and SMARTer or Maxima reverse transcriptase according to 
the manufacturer’s instructions. In the first group, a SMARTer cDNA 
synthesis kit (Takara Bio) was used, and the 3′ SMART CDS primer II A 
5′-AAGCAGTGGTATCAACGCAGAGTACT(30)N-1N-3′ was replaced with 
5′-AAGCAGTGGTATCAACGCAGAGTACNNNNNN-3′ to amplify circular 
RNAs without the poly(A) sequence. Then 3.5 μl of RNA and 1 μl of SMARTer CDS 
random primer (12 μM) were mixed and incubated at 72 °C for 3 min and 25 °C for 
10 min and held at 42 °C. A mixture containing 2 μl of 5× first-strand buffer, 0.25 μl 
of DTT (100 mM), 1 μl of dNTP (10 mM), 1 μl of SMARTer II A oligo (12 μM), 
0.25 μl of RNase inhibitor and 1 μl of SMARTer reverse transcriptase (100 U) was 
added to the samples followed by incubation at 42 °C for 70 min. During this step, 
the cDNA was divided into two aliquots; one of the parts was treated with 1 μl of 
RNase H (5 U μl−1, NEB) and 0.5 μl of SMARTer reverse transcriptase. Then both 
aliquots were incubated at 42 °C for another 20 min and then denatured at 70 °C for 
10 min.

In the Maxima group, 3.5 μl of RNA was mixed with 7.5 μl of deionized water, 
1 μl of random primer (10 μM) and 1 μl of dNTP, incubated at 65 °C for 5 min and 
cooled on ice. Then a mixture containing 4 μl of 5× RT buffer, 1 μl of RNaseOUT, 
1 μl of SMARTer II A oligo and 1 μl of Maxima H Minus reverse transcriptase 
(2,000 units at 200 U μl−1 concentration, Thermo Fisher Scientific) was added to 
the sample and incubated at 25 °C for 10 min and at 50 °C for 70 min. Similarly to 
the SMARTer group, cDNA was divided into two parts, and one of the parts was 
treated with 1 μl of RNase H and 0.5 μl of Maxima RT. Both parts were incubated at 
50 °C for 20 min and 85 °C for 5 min and finally held at 4 °C.

To obtain sufficient cDNA products for sequencing, PCR amplification was 
performed using 2 μL of cDNA with NEBNext LongAmp Taq DNA Polymerase 
and SMARTer primers under the following conditions: 95 °C for 30 s; 19 or 20 
cycles of 95 °C for 15 s, 62 °C for 15 s, and 65 °C for 120 s; 65 °C for 6 min and hold 
at 4 °C. Finally, Agencourt AMPure XP magnetic beads (Beckman) were used for 
size selection of the cDNA fragments. An increase in the DNA-to-bead ratio (1:1, 
1:0.6 and 1:0.5) resulted in capture of longer fragments, and the length of fragments 
increased accordingly to approximately 400 bp, 600 bp and 1 kbp, respectively. Steps 
for library construction are detailed in the CIRI-long manual pages at https://
ciri-cookbook.readthedocs.io/en/latest/CIRI-long_sequencing.html.

Nanopore sequencing and base-calling. cDNA libraries were prepared according 
to the ONT protocol SQK-LSK109 and barcoded with EXP-NBD104 and 
EXP-NBD114 kits, and nanopore sequencing was performed using the MinION 
(MN26543) platform with a FLO-MIN106 flow cell. The MinKNOW (v3.2.6) 
interface was used with the base-calling option disabled, and real-time GPU-based 
base-calling and demultiplexing were performed using the GPU version of 
ont-guppy (v3.3.0) with custom scripts from GitHub (https://github.com/rrwick/
MinION-desktop) and the R9.4 high-accuracy model.

Adapter trimming and alignment. Quality control of base-called raw 
reads was performed using pycoQC44 (v2.5.0.14). To remove barcodes 
and adapters, reads were trimmed using Porechop v2.0.4 (https://
github.com/rrwick/Porechop) with manually specified sequences of 
SMARTer adapters (AAGCAGTGGTATCAACGCAGAGTAC and 
GTACTCTGCGTTGATACCACTGCTT). Cleaned reads were aligned to the 
mouse genome (GRCm38) version M20 (Ensembl 95) using minimap2 (ref. 45) 
with the ‘--x splice’ option.

Overview of CIRI-long. The identification of circRNA sequences from nanopore 
reads has two main steps, including candidate circRNA identification and 
isoform collapsing. Clean nanopore reads were scanned using a set of k-mers and 
homopolymer-compressed k-mers to detect repetitive patterns, and a partial order 
alignment algorithm was employed to generate consensus circular sequences of 
each read. Then candidate sequences were mapped to the genome for detection 
of the BSJ, and splice signals were used to determine circRNA boundaries. Finally, 
all candidate circRNA reads were aggregated and clustered based on pair-wise 
sequence similarity to identify isoforms within each BSJ site.

Detection of candidate circRNAs from nanopore sequencing reads. CIRI-long 
takes a set of ordinary k-mers and homopolymer-compressed k-mers as seeds 

to identify repetitive patterns of raw nanopore reads. By default, reads were 
scanned using k = 8 and k = 11, and the occurrence coordinates of k-mer i were 
stored. For each k-mer, the coordinates were sorted, and the distance between two 
adjacent coordinates was defined as a repeat hit. Then the distance with maximum 
supported hits was assigned as the common distance d, which represents the 
expected length of circular repetitive elements in the candidate read.

Considering the high error rate and prevalence of insertion/deletion in 
nanopore sequencing reads, the distance between two matching k-mers might 
deviate within certain ranges. According to a random walk model46, the distance 
between k-mer hits can range between d ± 2.3

√

pindel · d 95% of the time, where 
pindel is the probability of insertion and deletion sequencing error and is set to 0.1 by 
default. To identify circular repetitive patterns, reads were scanned for the second 
time, and the hits of identical k-mers with distance between d ± 2.3

√

pindel · d 
were chained together.

To distinguish circRNA reads and reads containing tandem repeats, the start 
and end positions of the k-mer chains should be located within the first and last 
100 bp of the sequencing reads. The read was then split into repetitive segments 
according to the position of the first k-mer in the final chain. Then an SIMD 
accelerated partial order alignment library (SPOA, https://github.com/rvaser/spoa.
git) was employed with a customized scoring function (-l 2 -m 10 -n -4 -g -8 -e -2 
-q -24 -c -1) to generate a CCS from the repetitive segments, which represents the 
sequence of a putative circRNA. The Levenstein distance between the segments 
and CCS was calculated, and a threshold of 80% similarity between repetitive 
segments and CCS was used to screen high-confidence candidates for circRNAs.

To identify the genome position of back-splicing events, CCSs were aligned 
to the reference genome, where CCSs longer than 150 bp are initially aligned 
using mappy (the Python interface of minimap2) with splice preset, and shorter 
sequences are aligned using bwapy (the Python bindings of bwa mem47) with ‘-x 
ont2d -T 19’ options. To accurately identify BSJ sites from the CCS, an iterative 
alignment strategy was used, whereby the CCS is initially mapped to the genome, 
and the unmapped segment on the head or tail region is appended to the opposite 
end. Then the reordered CCS is aligned again to determine if the alignment has a 
better score than the previous alignment. The iterative alignments converge after 
the CCS is transformed to the right order on the genome. For converged CCSs that 
have a remaining soft-clipped segment, a stripped Smith–Waterman algorithm 
is used to map the clipped segments to the flanking upstream and downstream 
regions as described in a previous study40. Then annotated splice sites are extracted 
from annotation GTF, and de novo canonical GT/AG splice signals are used to 
correct the junction sites using dynamic programming. If no annotated splice 
signals are detected, the flanking region is scanned for non-canonical U2- (GC/
AG), and the combination of U11/U12-type (AT/AC, GT/AC and AT/AG) signals 
and reads containing no splicing signals are filtered out.

Isoform collapsing. To accurately determine the sequence of each isoform, 
candidate circRNA reads are clustered based on their coordinates in the reference 
genome, and each cluster represents a putative circRNA. Then all sequences in the 
same cluster are hierarchically clustered based on pair-wise sequence similarity, 
and consensus sequences of each cluster are generated as described above. Each 
consensus sequence indicates an isoform of circRNA. Finally, consensus sequences 
are aligned to the reference genome, and annotated splice site and de novo 
canonical splice signals are used for correction of the junctions of circRNA and 
cirexon boundaries. Finally, the supported reads are counted and assigned, and the 
expression matrices of high-confidence circRNAs are generated as the final output.

Simulation dataset. We used NanoSim26 to generate simulated nanopore 
sequencing datasets. To model real sequencing error in nanopore sequencing, total 
RNA of the control mouse liver attached in SMARTe PCR cDNA synthesis kit was 
initially sequenced using the same MinNION instrument. Nanopore reads are 
aligned to the mm10 (GENCODE, vM20) genome using transcriptome mode with 
-a minimap2 and --no_intron_retention options, and features of the sequencing 
errors are characterized in simulation. Transcript expression patterns are 
quantified against the reference transcriptome sequences using the quantification 
mode of NanoSim. Then circRNA coordinates from exonic regions are randomly 
generated, and the full-length sequences of simulated circRNAs are joined multiple 
times (>10×) to simulate circular transcripts. Finally, 200,000 reads from the 
reference transcriptome and 200,000 reads from the simulated circular transcripts 
are simulated using the error profiles generated as described above and pooled 
together as the simulation dataset for the downstream analysis. To evaluate the 
performance of CIRI-long, the precision and recall rates of circRNA identification 
were calculated, and the overall performance was assessed by the F1 score using the 
equation

F1 score = 2 ×

(Precision × Recall)
(Precision + Recall)

Quantitative PCR validation. To evaluate the reliability of circRNA quantification 
using nanopore sequencing data, outward divergent primer sets (Supplementary 
Table 3) were designed to quantify the expression of 16 randomly selected 
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circRNAs with variable numbers of supported reads ranging from 200 to 
30,000. To validate various types of detected circRNAs, specific primers were 
designed targeting 21 randomly selected circRNAs, including one exonic, five 
mitochondria-derived, five transcriptional read-through, five intronic self-ligated 
and five lariat intronic circRNAs. For quantitative real-time PCR, cDNAs were 
prepared using RNase R and the reverse transcription kit described above. 
Sequences of the PCR products were determined using Sanger sequencing 
(Supplementary Table 4). Dual peaks or noises conducted by homopolymers 
have been observed in the BSJ regions for five circRNAs (marked as ‘ambiguous 
boundaries’), but the back-splicing structure can still be inferred from the 
alignment results of adjacent sequences.

Northern blotting. RNA was isolated from adult mouse brain samples using 
TRIzol and incubated with or without RNase R. Probes targeting BSJ sequences of 
four circRNAs and 5.8S rRNA as control for northern blotting were synthesized 
with 3′ Biotin label (Supplementary Table 5). RNA samples were electrophoresed 
with 8% denaturing urea polyacrylamide gel and transferred to Hybond-N+ nylon 
membranes (GE), which were then incubated with the hydration buffer containing 
the probes and hybridized overnight. Finally, the RNA signal was detected using 
the Chemiluminescent Nucleic Acid Detection Module (Thermo Fisher Scientific).

Preparation and analysis of Illumina RNA-seq library. To construct the Illumina 
RNA-seq libraries, rRNA-depleted total RNA was extracted as described above. 
Total RNA was divided into two groups after depletion of rRNA for construction 
of riboMinus and riboMinus/RNase R libraries. To effectively enrich circRNAs, 
RNase R from Epicentre was used, and rRNA-depleted RNA was incubated 
at 37 °C with 20 U μl−1 of RNase R in a 0.5-μl reaction for 15 min. Then both 
riboMinus and riboMinus/RNase R libraries were reverse transcribed using a 
SMARTer PCR cDNA synthesis kit (Takara Bio). The 3′ SMART CDS Primer II 
A 5′-AAGCAGTGGTATCAACGCAGAGTACT(30)N-1N-3′ was replaced with 
5′-AAGCAGTGGTATCAACGCAGAGTACNNNNNN-3′ to amplify circular 
RNAs without the poly(A) sequence. All four cDNA libraries were shipped 
to Annoroad Gene Technology and sequenced using an Illumina HiSeqX10 
sequencer according to the manufacturer’s instructions. In summary, a total of 
758,741,512 paired-end 150-bp reads were generated with an average size of 
26.5 Gb of data for each library.

For analysis of Illumina RNA-seq data, raw sequencing reads were assessed 
using FastQC (v0.11.9). Cleaned reads were mapped to the GRCm38 mouse 
genome using HISAT version 2.1.0 with default parameters. Eight tools, 
including CIRI2 (ref. 40) (v2.0.6), CIRCexplorer2 (ref. 17) (v2.3.5), DCC41 (v0.4.7), 
find_circ48 (v1.2), KNIFE49 (v1.4), Sailfish-cir50 (v0.11a), MapSplice51 (v2.2.1), 
UROBORUS52 (v2.0.0), circRNA_finder4 (v1.1) and segemehl53 (v0.3.4), were used 
for circRNA predictions in all libraries following the instructions of the software 
documentation; circRNAs with at least two reads detected by two tools were 
retained for downstream analysis. In addition, CIRI-AS (v1.2) was used to detect 
the sequence of circRNAs in the output of CIRI2.

Detection of intronic self-ligated circRNAs in public RNA-seq data. Public 
RNA-seq data from the human and mouse transcriptomes were downloaded from 
the National Genomics Data Center (China National Center for Bioinformation)54 
under accession number PRJCA000751. The reference genomes of human (release 
34, GRCh38.p13) and mouse (release M20, GRCm38.p13) were downloaded from 
GENCODE. For detection of intronic self-ligated circRNAs in Illumina RNA-seq 
libraries, coordinates of all introns of the protein-coding genes were initially 
extracted in the BED format. Then CIRIquant (v1.1.1) was used for detection 
using the BED file as input with the --bed option. FSJ reads were detected by 
alignment of the raw reads to the reference genome using HISAT2, where gapped 
aligned (with ‘N’ in CIGAR strings) segments55 spanning circularized introns were 
extracted as FSJ reads of these intronic self-ligated circRNAs.

Conservation analysis. For conservation analysis, conservation scores by 
PhastCons and phyloP (phylogenetic P values) for multiple alignments of 59 
vertebrate genomes to the mouse genome were downloaded from the UCSC 
website (http://hgdownload.cse.ucsc.edu/goldenPath/mm10). For each type of 
circRNA, the average scores of the flanking 50-bp region of the 5′ and 3′ BSJ sites 
were calculated for comparison.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The sequence data generated in this study have been deposited to the National 
Genomics Data Center54 (China National Center for Bioinformation: https://bigd.
big.ac.cn/gsa) with accession number CRA003317. Details of these datasets are 
included in Supplementary Table 1 and the Methods section.

Code availability
CIRI-long is implemented in Python and can be freely accessed at https://github.
com/Kevinzjy/CIRI-long. The software is packaged with sample datasets and has 
been extensively tested on Linux.
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