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Abstract

Splicing is one key mechanism determining the state of any eukaryotic cell. Apart from
linear splice variants, circular splice variants (circRNAs) can arise via non-canonical splicing
involving a back-splice junction (BSJ). Most existing methods only identify circRNAs via the
corresponding BSJ, but do not aim to estimate their full sequence identity or to identify
different, alternatively spliced circular isoforms arising from the same BSJ. We here present
CYCLER, the first computational method for identifying the full sequence identify of new
and alternatively spliced circRNAs and their abundances while simultaneously co-estimating
the abundances of known linear splicing isoforms. We show that CYCLER significantly out-
performs existing methods in terms of sensitivity, precision and quantification of transcripts.
When analysing D. melanogaster data, CYCLER uncovers biological patterns of circRNA
expression that other methods fail to observe.

1 Introduction

One major source of complexity in eukaryotes is splicing whereby one gene can give rise to a
number of splicing products depending on the cell’s state (tissue, developmental stage, disease
state etc). Splicing not only gives rise to linear splicing isoforms, but — interestingly — has also
been recently shown to yield so-called circular splice variants or isoforms (circRNAs). These arise
via a so-called back-splice junction when a downstream 5’ splice site is covalently linked to an
upstream 3’ splice site (6). The corresponding junction is called a back-splice junction (BSJ).

For decades, scientists have focused almost exclusively on linear splice variants and their func-
tional roles. This focus, however, has recently shifted towards circRNAs (7; 8; 9; 10; 11). While
the molecular functions of select circRNAs have already been identified (8; 12; 13; 14; 7), we are
only beginning to understand the mechanisms by which circRNAs arise and the functional roles
they play in vivo.

Since circRNAs constitute a form of alternative splicing of the nascent RNA transcript (7),
the raw RNA-seq reads deriving from linear and circular splicing isoforms of one and the same
gene cannot be easily used to reliably infer any new circRNAs and their abundance, see Figure 1.
Only RNA-seq reads spanning a back-splice junction provide direct evidence for circRNAs. These
reads, however, provide only limited information on the full sequence identity of the underlying
circRNAs, thus making the proper identification and quantification of new circRNAs impossible.

The ultimate goal in transcriptome assembly is to identify the full sequence identify of all linear
and circular splice variants and to estimate their relative abundances. The relative expression lev-
els are key requirements for differential expression analyses and co-expression correlation analyses.
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Most existing methods for transcriptome assembly, however, ignore circRNAs and only focus on
linear splicing isoforms. Commonly used transcriptome assembly programs (15; 16) are based on
creating a directed acyclic splice graph, whose nodes and edges are determined by the presence of
forward junction spanning reads in the raw transcriptome data. These programs, however, cannot
handle the cyclic splice graphs that the circRNAs represent.

One added challenge is that circRNAs typically constitute only a small fraction of the transcrip-
tome (1-3% of linear poly-A transcripts in common cell lines (17)), thus making the identification
of circRNAs via an increased RNA-seq library depth no viable option. In addition, the expression
of linear splicing isoforms from the same gene locus can significantly skew the circular transcript
assembly. For efficient circRNA detection, there is thus the need for an enrichment of circRNAs
in a sample. Due to the lack of free 5~ and 3’-ends, circRNAs are resistant to exonuclease en-
zymes (18; 7). By using an exonuclease treatment, transcriptome libraries can thus be enriched
in circRNAs. As alternative, circRNA-enriched libraries can also be produced by poly-A deple-
tion (19). These circRNA-enriched libraries, however, help circRNA-identification, but cannot
be used to improve circRNA-quantification as the depletion steps are known to affect different
isoforms differently (2). A combination of treatments can lead to an almost exclusive circular
RNA-seq library(5).

Alternatively, circRNA isoforms can be discovered by nanopore-sequencing linear molecules
that were generated via a rolling circle amplification of the corresponding circRNA template. Also
this procedure first requires linear transcript depletion ahead of the rolling circle amplification.
This strategy for circRNA full-isoform identification, however, has issues with reproducibility and
requires a high number of replicates to identify all circRNA isoforms (1).

In order to enable a fair assessment of CY CLER compared to existing tools for circRNA iden-
tification and quantification, it is key to first classify the existing methods based on their goals.
We define class I to comprise well-known circRNA tools that aim to identify and quantify cir-
cRNAs solely on reads spanning BSJs. Unlike CYCLER, these tools do not aim to identify the
full-sequence identity of new circRNAs, let alone multiple, alternatively splicing circRNAs corre-
sponding to the same BSJ (17).

Class II contains circRNA characterisation tools that take as input the predictions generated by
methods from class I in order to produce a set of potential splicing events for each sequence inter-
val defined by a BSJ. Since the alternative splicing of linear RNAs may obstruct the detection of
circular alternative splicing (AS) events, class II tools require circRNA enriched libraries to func-
tion properly. Two approaches to detect the alternative splicing of circRNAs from transcriptome
RNA-seq data have emerged. The first approach is conceptionally based on exon and alternative
splicing detection, using mate-pair information of pair-end reads, spanning a BSJ (20; 21). This
approach, however, can only detect AS events within the range of the insert size used for making
the RNA-seq library. The second approach compares circle enriched and control libraries, simi-
larly to CYCLER. This strategy has the advantage of removing the dependency on the library
insert size and is employed in the CIRCEXPLORER2 (19) pipeline. Reads spanning a BSJ typically
represent only around 0.1% of a library, thereby making quantification based solely on those reads
unreliable.

This challenge prompted the release of special quantification tools (defined as class III) that take
as input the output of class II or class I tools and produce as output estimated circRNA levels.
The tools of class IIT can be divided into two sub-classes. One sub-class (class IIla) comprising
tools that provide BSJ quantification as well as expression level ratios of the BSJ and FSJ in the
locus of the same circRNA (25; 2). While those values are reportedly in agreement with qPCR
results (25; 2), they do not allow to deduce the relative expression levels of all alternatively-spliced
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linear and/or circular isoforms that happen to overlap the same BSJ and FSJ, respectively, which
is what our method CYCLER is aiming to do. An interesting case is SAILFISH-CIR (23), the sole
member of the sub-class IIIb. SAILFISH-CIR takes as an input a list of BSJs and known linear
transcripts and makes a pseudo-linear reference of potential circRNA transcripts. SAILFISH-CIR
later uses a combination of the pseudo-linear reference and known linear transcripts to quantify
linear and circular transcripts simultaneously. To conclude, all class III tools provide a circRNA
abundance estimation that is only based on a BSJ, but ignore any additional, alternatively spliced
circRNA isoforms that may be sharing the same BSJ.

The tools (22; 24) which constitute class IV aim to recover the full-sequence identity of cir-
cRNAs. One example is CIRI-FULL which employs an extension of the mate-pair approach of the
class II tools in order to derive quantitative information on full-length circRNA isoforms. The
recommended input to CIRI-FULL are 2 x 250 nt paired-end libraries which allows for the full
sequence-identity recovery of some circRNAs. This insert size used for making the RNA-seq li-
brary thus limits the scope of the algorithm’s output, thereby allowing only for the identification
of circular isoforms of up to 600 nt length (22). The assembly strategy applied in CIRCAST is
less ambitious as the tool does not utilise quantitative information for the reconstruction (24).
Class IV tools provide relative abundances of circRNA isoforms as counts based on fractions of
the BSJ spanning reads. All class IV tools require circRNA enriched libraries as input.

To conclude, the existing methods for circRNA investigation constitute a wide set of diverse
tools with distinct goals and features, see classes I to IV defined above and Table 1 and Table 2.
Right now, however, there exists no method for identifying the full-sequence identity of circRNAs
as well as their potential alternatively spliced variants and for simultaneously estimating the
expression levels of known linear splicing isoforms. This is why were are introducing here our
method CYCLER (Co-estimate Your Circular and Linear RNAs).

By comparing default (control) and circle-enriched RNA-seq libraries as input, the algorithm
underlying CYCLER first captures circle-specific features and then reconstructs full-length cir-
cRNA isoforms via a flow-based algorithm. The circRNA transcripts are then converted into a
pseudo-linear isoform profile in order to estimate the linear and circular transcripts’ abundance
via expectation-maximisation.

As our method has several unique features, we benchmark different aspects of it by comparing
it to the most adequate state-of-the-art methods that share the same feature. We thus assess
the assembly of circRNAs in CYCLER separately from isoform quantification. For the assembly
benchmarking, we compare CYCLER against class IV tools as well as CIRCEXPLORER2 from
class II. This is because CIRCEXPLORER2’s isoform reconstruction module deduces all poten-
tial isoforms involving the identified alternative splicing events (and thus does not account for
correlated pairs of alternative splicing events such as the skipping of two neighbouring exons,
or mutually exclusive exons). For benchmarking the isoform quantification of CYCLER, only
class IV tools are considered. Note that class III cannot be utilised for this purpose as they
have no ability to distinguish multiple circular isoforms sharing the same BSJ. For an overview of
relevant existing methods, please refer to Table 1 and Table 2.

2 MATERIALS AND METHODS

In this section, we introduce the steps and algorithms employed by CYCLER. CYCLER takes
as an input a set of BSJs, control and circRNA enriched libraries and — optionally — annotation
information on linear transcripts. CYCLER first prepares gene specific splice graphs and itera-
tively reconstructs potential isoforms. After CYCLER assembles the isoforms from every sample,
it prepares a complete combined set of isoforms to serve as a reference for quantification.

We also explain the reasoning behind the parameters of the different benchmarking strategies.
We test assembly efficacy as well as quantification accuracy, as is common, with a simulated
dataset. We also analyse real transcriptome data to showcase the difference of the output produced
by class III tools and by CYCLER and to highlight the advantage that full-sequence information
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brings to an analysis. A qPCR benchmark was used to show the advantage of CYCLER with
respect to class IIla tools. We also conducted a exploratory transcriptome analysis to highlight
the advantages of CYCLER over class IIIb tools.

2.1 Selection of a reliable BSJ set

The detection of BSJs relies on the capability of a mapper to detect chimeric reads. Different
mappers detect different sets of chimeric reads per sample. To be certain that a reliable set of BSJ
sites has been identified, we use CIRI2 and CIRCexplorer2 as input. They employ BWA-MEM
and STAR for chimeric detection, respectively. We also allow the option of a BSJ set to be added
manually as an input via a TSV file. Since CYCLER requires circRNA enriched libraries as input,
we can easily adjust for false positives by comparing the BSJ set identified from total RNA-seq to
the set identified from circRNA enriched RNA-seq.

2.2 Creation of circular splice graphs

CYCLER utilises the two-pass mapping mode of STAR (27) to recover all split-mapped reads.
These mapped reads are then used to identify both annotated and new genomic features such
as exons, retained introns and splice junctions. For each gene, CYCLER subsequently creates
a corresponding splice graph that also contains information on feature abundances (needed for
the reconstruction algorithm). Then, only the genomic features that fall between a BSJ-start
and a corresponding BSJ-end coordinate (i.e. a circle generating loci) get extracted and a circle-
specific splice graph is constructed. The corresponding features (exons and splice-site junctions)
within this graph are then re-quantified, normalised and adjusted for GC-content and length
biases. Features that are depleted in circRNA-enriched samples are detected either through a
direct quantity comparison or a negative binomial test and excluded from the final splice graph
to minimise the number of false reconstructions later on, see Figure S3 in the supplementary
information.

2.3 Reconstruction of circRNA transcripts

One common approach towards transcriptome assembly is to use a so-called flow-based algorithm
to disentangle the splice graph (16).

In CYCLER, we employ a greedy algorithm for the iterative reconstruction of transcripts to
ensure a low number of false-positive-assembled sequences. To this end, we use the comprehensive
splice graph, created in the previous step and start by selecting the exon with the lowest abundance.
We then identify the maximum flow though this exon inside the splice graph and reconstruct the
corresponding circular transcript. The corresponding exon abundances then need to be subtracted
from the respective features of the original graph and any fully depleted features be removed. This
operation is repeated until no more transcripts can be reconstructed, see Figure 2 for a detailed
example.

2.4 Combining circRNA transcript sets across samples

Since different samples and replicates produce different sets of predicted transcripts, assembly
tools often have modules for merging transcripts (15; 16). In CYCLER, transcripts from different
samples are merged into a single reference, while simultaneously using the differences between sets
to fix discrepancies caused by mapping artefacts. The final set of transcripts can then be exported
in terms of an annotation file (in GTF format or flat file) and a sequence file in FASTA format.

2.5 CircRNA transcript quantification

CYCLER performs transcript quantification similarly to (12). For each circRNA transcript, a
corresponding pseudo-linear reference is created, for details see Figure S5 and supplementary in-
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formation section ” CircRNA transcript quantification”. Afterwards, the set of pseudo-linear tran-
scripts is combined with annotated linear transcripts and used to create an index for quantification
with KALLISTO (28).

2.6 Benchmarking with simulated data

The benchmarking of tools for transcriptome assembly and quantification is commonly based on
dedicated, simulated data. Since CYCLER aims to identify full-length circular isoforms and
alternative splice variants and their abundance, we can only benchmark against the tools from
class IV. In principle, CIRCEXPLORER 2 from class II can also be included in the benchmarking
as it outputs potential transcripts derived from on all (!) potential combinations of AS events.
The parameters used for the programs are summarised in Figure S12. Sensitivity and precision
are calculated in the usual manner:

# of correctly predicted transcripts

Sensitivity =
4 # of all known transcripts

# of correctly predicted transcripts

Precision =
# of all known transcripts
The quantification correlations are based on the estimated values of correctly assembled tran-
scripts. The Pearson product correlation between estimated and simulated abundances is cal-
culated differently with regard to the difference in the output. For CYCLER, this is done as
follows:

corr(Assigned reads per transcript,

Simulated reads per transcript)
and CIRI-FULL as:

corr(Assigned BSJ reads per transcript,

Simulated number of transcript copies)

2.6.1 Simulated dataset

The transcript reconstruction in CYCLER requires as input a control and a circRNA enriched
library, preferably as pair of replicates. CIRCEXPLORER 2 has similar requirements. The mate-
pair-based methods require long library inserts with preferably 250 bases sequenced on both sides.
With CYCLER, we focus solely on library preparation involving RNA fragmentation in order to
avoid a rolling circle amplification which could introduce unknown skewing. For the benchmarking
of CYCLER and existing methods, we thus simulate two types of RNA-seq libraries: one library
with a median fragment length of a 230 bp and 75 bp sequencing and one library with a median
fragment length of 480 bp and 250 bp sequencing. From both, we simulate a pair of control and
circle-enriched libraries with two replicates each, for details see supplementary information section
”Simulation of RNA-seq data” as well as Tables S1, S2 and S3 and Figures S1 and S2.

2.7 Benchmarking with real data
2.7.1 Benchmarking with qPCR

A quantitative benchmarking involving qPCR with primers converging on one BSJ only makes
sense for tools of class I and class IITa which have no ability to detect alternative splicing isoform
mapping to the same BSJ. Those tools output the relative abundance of a circRNA based on BSJ
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spanning reads and do not account of AS events that may occur within the locus of the same
circle. Since CYCLER does have the ability to quantify multiple, alternatively spliced transcripts
per BSJ, it is important to realise that the abundance values of our method are not directly
comparable to qPCR results. We thus run CYCLER on dataset GSE75733 and use the qPCR
values reported in (25) for BSJs associated with a unique circular isoform. For this, we average
the estimated CYCLER abundance for two PA1 replicates and correlate it to the average qPCR
value per BSJ. This comparison is made with the values reported in (25). Note that CIRIquant
is not included in this benchmarking as it cannot handle single-end RNA-seq input data.

2.7.2 Analysis of D. melanogaster data

As stated earlier, every tool for circular transcript reconstruction relies on circRNA enriched
libraries as input to function well. The lack of large, circRNA enriched data sets, however, is a
major problem in the field. We chose D. melanogaster as a model organism for this study due
the availability of RNase R treated samples from mature fly head, S2 cell line and early embryo
(GSE69212, GSE55872). After creating an index based on the aforementioned samples, CYCLER
quantification is performed on a data set containing 103 D. melanogaster samples published by
the Lai lab (10). We compare the predictions of CYCLER to those predicted by representative
methods of class I and class ITI. As representative for class I, we chose the BSJ identification module
of CIRCEXPLORER 2, since this tool has been shown to outperform other tools in class I (2). The
representatives of class I1la produce optimal output when provided with circRNA enriched libraries
for each sample. Since this dataset does not fit this requirement and as SAILFISH-CIR is the only
class III tool that outputs full transcriptome information and simultaneously quantifies linear
and circular RNAs, we use SAILFISH-CIR as representative for class III. The observed difference
in performance between CYCLER and SAILFISH-CIR can be attributed to the lack of de novo
assembly in SAILFISH-CIR. Benchmarking against this tool allows us to highlight the advantage
of circRNA transcriptome assembly and its influence on the full-isoform quantification. Note
that class IV methods do not work efficiently without circRNA enriched data as indicated by
simulations.

We normalise BSJ counts from CIRCEXPLORER 2 as counts-per-billion (CPB) and convert
abundance of CYCLER and SAILFISH-CIR to RPKM. We variance-stabilise the corresponding
values using the DESEQ2 package and use them to calculate sample adjacencies as Spearman’s
rank correlation coefficient. Based on the adjacencies, we calculated sample distances with the
topological overlap matrix calculation from the WGCNA package (29).

3 RESULTS

In this section we show that CY CLER outperforms all competing, existing methods based on simu-
lated data. We also highlight the merits of correct isoform information by analysing D. melanogaster
transcriptome data. Finally, we showcase the difference of output between BSJ-centric tools and
CYCLER and discuss the limitations of gPCR, benchmarks.

3.1 Reconstruction of circRNA transcripts from simulated data

We had to omit CIRCAST from our resulting plots, because the script failed to run due to virtual
memory issues, even on 400 GB RAM compute nodes of our high-performance computer cluster.
We combined the transcripts reconstructed from simulated replicates into one set per tool. For
CIRI-FULL, only the transcripts reconstructed from circRNA enriched libraries are considered.

We separate the simulated transcripts into two reference sets, a low complexity one (that
serves as our reference set) and a high complexity one, see supplementary information Figure S2
and Table S2. We show sensitivity and precision plots based on the reference set in Figure 3.
Please refer to supplementary information Figure S4 for the sensitivity and precision plot for the
corresponding results on the high complexity reference set. For both data sets, CYCLER clearly
outperforms the existing tools both in terms of sensitivity and precision.
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As can be seen from the benchmarking, CIRI-FULL achieves high precision, but has only limited
sensitivity. This is due to the fact that the algorithm outputs the full sequence of circRNAs
only when there is no break in the coverage of its putative exons. This strategy essentially
removes any circle larger than the fragment length of the library. For the 2x75 bp dataset,
CIRI-FULL covers mostly cases with single circRNA isoform. For the 2x250 bp dataset, the
sensitivity increases, but the precision drops, due to increased complexity of the alternative splicing
landscape. CIRCEXPLORER2 was primarily designed as a tool for detecting alternative splicing
events in circRNAs and reports as output transcripts corresponding to all potential combinations
of splicing events, hence its overall low precision. We observe a minimal difference between the
results for the 2x75 bp and the 2x250 bp data sets. In the benchmark with the high complexity
2x250 bp reference set, CIRCEXPLORER 2 manages to slightly outperform CYCLER in terms of
sensitivity, see supplementary information Figure S4, yet CYCLER simultaneously significantly
outperforms in terms of precision, thereby outperforming CIRCEXPLORER2 overall.

One advantage of CYCLER is that it does not have any implicit or explicit limitations in terms
of the insert sizes or the read lengths of the RNA-seq library that it can handle. The quantification
of genomic features within CYCLER is also not as reliant on high sequencing depths as the other
tools as it solely relies on quantification by junction reads. CYCLER thereby utilises the entire
RNA-seq library for transcript assembly, not only a fraction of around 20% of the reads that
happen to span splice sites. This feature of CYCLER, however, requires a dedicated scaling and
normalisation of read counts for exons. We optimise the scaling for reads spanning no more than
two exons. In the 2x250 bp dataset, there are naturally more reads spanning multiple exons, thus
leading to a decrease in performance of CY CLER compared to the 2x75 bp set.

Compared to all existing tools, CYCLER’s strongest advantage is the graph algorithm that
is taylor-made for circRNA transcript assembly. A second significant advantage is CYCLER’s
capability to use a combination of BSJ identification tools as input. In its current version, we
deliberately chose to exercise extreme caution in reconstruction from low abundance loci. This
yields a high precision, but also filters out several low abundance features, i.e. implies a slightly
reduced sensitivity, please refer to supplementary information Table S4 for more details in that
regard.

3.2 CircRNA transcript quantification from simulated data

Table 3 presents the quantification of circRNAs from total RNA-seq and RNase R treated RNA-seq
simulated data. We designed the simulated dataset in order for the linear transcripts to provide
maximum disruption for the correct processing of the circular transcripts. For this benchmark,
only class IV tools were considered as only these tools quantify full isoforms, not the BSJ spanning
reads only.

The values in Table 3 are based only on the estimated quantities of the correctly identified
transcripts. In this way, we judge the final output of these programs. It is important to note
that CYCLER is the only existing method to simultaneously quantify both known linear and
newly assembled circular transcripts. Note that CIRI-vIs(3) (the quantification module of the
CIRI-suite) is not affected by nascent and linear RNA levels in the same way. Also, CIRI-vis
has lower sensitivity in the total RNA-seq samples, which covers almost exclusively circRNAs
simulated without alternative splicing events (especially for the 2x75 bp libraries). This leads to
CIRI-vis outperforming in the total RNA-seq samples for low complexity reference set. For the
high complexity reference set, the CIRI-VIS output involves more alternative splicing events and
— in this case — CYCLER quantification outperforms all. With multiple overlapping circRNAs,
CYCLER improves its performance, because the impact of the linear and nascent RNA on the
reconstruction and henceforth the quantification is lower.

With lower linear and nascent RNA levels in the RNase R treated samples, CYCLER clearly
outperforms CIRI-VIS on all accounts.
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3.3 Consistency of the assembly

To evaluate the consistency of isoform assembly between samples, we compared the sets of tran-
scripts reconstructed from different samples. The summary of the overlaps is shown in table
Table 5. The overlap between biological replicates from the same strain diverges by about 10%.
When we compare head RNA-seq libraries between strains, the difference substantially increases.
When comparing the reconstructed transcripts between different stages of development or cell
lines the overlap is minimal, see supplementary information Figure S9.

We also compare the reconstruction from different treatments for circRNA enrichment. The
PA1 cell line has available treatments, only polyA-depletion and a combination of poly A-depletion
and RNase R treatment. Naturally, the sample with double depletion substantially increases
the number of detected BSJs compared to single depletion — 8000 versus 34 500. The set of
reconstructed transcripts is dependent on the starting set of BSJs. We resolve the conflict by
selecting a BSJ set that is derived from the total RNA-seq of the PA1 cell line (2 500), since those
are the BSJs that belong to the circRNAs quantified later. Based on that set of BSJs, we compare
the sets of assembled transcripts. The difference is comparable to the different between biological
replicates.

3.4 Benchmark with respect to qPCR values

The benchmark from (25) focuses on 13 BSJs. The BSJ locus of CAMSAP1 (Chr9:135881632-
135883078), however, has been experimental evidence for two alternative isoforms sharing the
same BSJ site, see supplementary information Figure S11A. Based on the output from CYCLER,
we can also conclude that the BSJ locus CORO1C (Chr12:108652271-108654410) yields at least
two alternative isoforms, see supplementary information Figure S11B.

Compared to CLEAR, CYCLER has a lower correlation with gPCR results (0.66 vs 0.75). The
difference can be attributed to the fact that CY CLER quantification is more affected by GC and
length biases. The results of the abundance estimations can be seen in supplementary information
Figure S10. CIRIquant is not included in this benchmark as it cannot handle single-end RNA-seq
data.

3.5 Analysis of D. melanogaster data

In addition to investigating the merits of CYCLER when dealing with simulated data, where the
isoforms and their respective abundances are known up-front, we are also keen to explore CY CLER
and other tools when analysing real transcriptome data. For this, we investigate RNA-seq data
from D. melanogaster, see the section above for more details.

For CIRCEXPLORER 2, we normalise the counts as CPM, whereas we normalise those from
SAILFISH-CIR and CYCLER as RPKM. All counts are then variance stabilised using VST from
the DESEQ2 package (30) It is important to note the number of BSJs that are included in this
analysis, see the numbers in Table 4. CIRCEXPLORER 2 includes all the BSJs identified in the
analysis, whereas SAILFISH-CIR filters out the BSJs that are not part of the linear annotation.
CYCLER uses the BSJs that correspond to the RNase R treated dataset.

Figure 4 (A) and (B) show the UMAP dimensional scaling (31) of all 103 samples from the
dataset of the Lai lab. There is no indication of overall loss of information due to the decrease of
the BSJ set. The procedure is also repeated for SAILFISH-CIR and shown in Figure S7. Within the
dataset, the subset with most time points corresponds to different stages during embryo devel-
opment. The embryo development samples were extracted and the UMAP scaling was repeated,
see also supplementary information Figure S8. It is apparent that the data is heavily affected by
multiple batch effects. We annotated part of the batches based on SRA ascension numbers.

There are two noteworthy differences to observe. Using CYCLER for quantification, it is
possible to identify a gradient in the data that reproduces the known developmental stages. In
addition, the quantification by CYCLER makes the outliers in the data easily distinguishable.
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The reason for this advantage of CYCLER derives from its variance stability between replicates,
see supplementary information Figure S6. This difference can also be clearly seen within the den-
drogram representing the sample distances based on circRNA transcript counts, see Figure 4 (C)
and (D). The clustering by CYCLER is in complete agreement with the results from (7) depict-
ing two segregated stages of fly embryo development, namely pre-mbl expression and post-mbl
expression. The corresponding MBL protein is known to affect circRNA expression by binding
intronic sequences. The most notable difference in the circRNA profile is circ-mbl (exon2) be-
coming the most expressed circRNA. Overall, the distances between replicate samples inferred by
CYCLER are significantly more biologically meaningful, emphasising that the correct assembly
of full-sequence isoforms is key for the correct clustering of samples.

4 DISCUSSION

We here present CY CLER, the first computational method for identifying the full sequence identify
of new circRNAs and their abundances while simultaneously co-estimating the abundances of
known linear splicing isoforms. These linear isoforms can be specified as optional input by the
user.

The common Bioinformatics approach towards identifying circRNAs is primarily based on
tracing the levels of BSJ spanning reads across different samples. Some of the existing tools
supplement this BSJ information by ratios of BSJ/FSJ spanning reads (25; 2). This forces the user
to implement circRNA-specific analytical pipelines (2). Even these analytical pipelines, however,
cannot distinguish between alternatively spliced circRNAs mapping to the same BSJ. While the
BSJ/FSJ ratio is very consistent with qPCR results for circRNAs comprising two exons (25), we
still require methods that are able to identify the full sequence identity of all circRNAs and their
alternative splice variants in order to be able to apply standard differential expression analyses or
clustering pipelines. CIRI-full provides full isoform sequence, but the algorithm cannot reconstruct
and quantify the isoforms efficiently from non-enriched data. This forces the user to perform
statistical analyses of the circRNA based primarily on the BSJ-spanning reads, even when the full
isoform data is available. Also, the circular and linear transcripts need to be quantified separately
and subsequently combined in a co-expression network(4). CYCLER simultaneously quantifies
linear and circular transcripts from the same sample in an integrated manner, thereby giving the
user the opportunity to proceed with standard downstream pipelines for quantitative analysis.
This is essential for enabling co-expression analyses of linear and circular RNAs, since wrong
abundances can severely impair optimal clustering.

CYCLER outperforms existing tools for circRNA identification and quantification on all ac-
counts on simulated data. Our reference set provides a benchmark similar to existing circRNA
studies and allows us to gain a better understanding of tool-specific biases caused by the chal-
lenging mapping of chimeric fragments. Our high complexity data set was devised to represent
the full complexity of real data, where the low abundances of transcripts and the overlap between
multiple circular and linear isoforms can render the identification of the full isoform profile a
near impossible task. When dealing with complex data, the true value of the tool becomes less
centered around the recall and more focused on precision. The full set of circRNA isoforms is
impossible to reconstruct due to natural limitation imposed by the depth of the RNA-seq library.
The algorithm of CYCLER ensures that the full sequence identity of the most abundant isoforms
is correctly reconstructed. This advantage of the assembly allows for reliable quantification of
the predominant isoforms. The quantification of circRNAs in CYCLER is enhanced by the fact
that assembly and abundance estimation are performed in separate steps. This makes CYCLER
very robust, as erroneously assembled transcripts are estimated with significantly lower abundance
than the correctly assembled ones. Existing tools that depend on long library insert size typically
fail to detect circRNAs that fall below the detection limit of the libraries (22). In contrast to this,
CYCLER is independent of library insert size, allowing for short insert sizes and retaining the
ability to identify both short and long circRNAs.

The experimental workload required by analyses performed with CYCLER is substantially lower
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than for alternative methods. We show in a study of D. melanogaster transcriptomes that samples
with RNase R treatment for a few key time points are sufficient to produce biologically meaningful
results. We also showcase the merits of proper circRNA isoform detection for correct circRNA
quantification. Finally, we find that CYCLER improves samples clustering and facilitates out-
lier sample detection. This is an important feature that will play a key role in the technological
transition towards single cell experiments.
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6 FIGURES AND TABLES

Figure 1: Challenge of identifying circRNAs from RNA-seq data. Typical, raw transcrip-
tome data from linear and circular splicing isoforms (top left and right) comprises a multitude of
pair-end reads covering the exons of these isoforms (E1 etc, colouring of pair-ed reads according
to the exon from which they derive). In order to infer the original splicing products from these
raw transcriptome reads, they are typically first mapped to the genome (bottom). Most of the
mapped reads will not cover splice sites (exon-intron boundaries) and could either derive from
a linear and circular splicing isoform. One challenge is that only reads spanning a back-splice
Junction provide direct evidence for circRNAs (marked in light green). As is also clear from this
picture, the correct identification and quantification of circRNAs cannot be achieved without the
simultaneous identification and quantification of the linear splicing isoforms. Thus, if the linear
splicing isoforms of a gene are known up-front, their correct quantification needs to be estimated
in conjunction with the identification and correct quantification of unknown circRNAs.
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Figure 2: Circle transcript reconstruction within CYCLER for the example of the 5-
HT2A gene. Starting with the full splice graph for the entire gene locus and its respective
exon abundances (see top line, left, in grey for the graph and the FPKM-plot at the top right),
CYCLER extracts the circle-specific sub-graph corresponding to splice-site junction J4 which falls
between a BSJ-start and a corresponding BSJ-end coordinate (see second line from top left, in blue
for the graph). This blue sub-graph correponds to a single circular splicing isoform. This blue sub-
graph and the corresponding exon abundances are subsequently subtracted from the original, full
splice graph (see graph at the top left and middle FPKM-plot) to yield the remaining splice graph
(third line from top, in grey). Similarly to before, CY CLER then extracts the next circle-specific
sub-graph, this time corresponding to a back-splice junction-spanning splice-site junction between
exon E6 and E4 (fourth line from top, in red). This sub-graph provides evidence for a circular
splicing isoform comprising three exons E4, E5 and E6 (note the different exon abundances). The
quantities corresponding to this circular isoform are sub-sequently deleted from the remaining
grey splice graph, resulting in a sub-graph (second line from bottom, left, grey) that corresponds
to another circle-specific graph, this time comprising only exons E4 and E6, but not E5 (bottom
line, in green). This sub-graph and its abundances provide evidence for a single circular isoform
(bottom FPKM-plot).
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Figure 3: Comparative benchmarking of CYCLER and selected tools. Bar plot of sen-
sitivity and precision of CYCLER and different existing tools based on the simulated reference
dataset. CY CLER outperforms the competitive tools in both sensitivity and precision on both
2X250 and 2X75 sequencing modes.
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Figure 4: Comparison of CIRCEXPLORER2 and CYCLER for the D. melanogaster tran-

scriptome sets.

The comparison is made based exclusively on circRNA abundance estima-

tions. (A) and (B) show the UMAP dimensional scaling of the abundances inferred by CIRC-
EXPLORER2’s BSJ detection module and CYCLER for all 103 samples of the Lai dataset. (C)
(CIRCEXPLORER2) and (D) (CYCLER) show a dendrogram of the subset of data correspond-
ing to embryo stages which are based on between sample distance calculations. The scale of the
dendrograms represents the samples’ distances.
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Class Common reference name Practical purpose CE* Representatives
Class I  CircRNA identification BSJ Identification and quantification no CIRI2, CIRCEX-
tools PLORER  KNIFE,
etc.
Class I  CircRNA characterisa- CircRNA AS event identification yes CIRCEXPLORER2,
tion tools CIRI-AS, FUCHS
Class CircRNA quantification Improved CircRNA quantification, yes CLEAR, CIRI-
II1a tools based on BSJ to FSJ ratios QUANT
Class CircRNA quantification Improved CircRNA quantification by no SAILFISH-CIR
IIIb tools using model-based framework
Class Tools for full-length as- Full-length assembly of CircRNAs yes CIRI-FuLL, CIR-
v sembly of CircRNAs and relative CircRNA isoform abun- CAST
dances
Class V. - Full-length assembly of CircRNAs yes CYCLER

and simultaneous linear and circular
RNA abundance estimation

Table 1: Classification of existing methods for circRNA identification and quantifica-
tion according to their goals and the input they require. Tools in column CE (Circle Enriched)
denoted by a ’yes’ require circRNA enriched libraries for optimal performance.

17


https://doi.org/10.1101/2021.04.27.441578

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.27.441578; this version posted April 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission

S[00} TOTYROYTIUAPT QY Snotrea Ym o[qryeduwod A[[nJ st {00} 93 1) S0IRIIPUI , UOTJRSIWIXRU U0IYRIdddx0 - NH ‘uoyounl 201ds-3omq- Sq
‘Suror(ds eArjRUINR - QY POsh SUOIIRIARI(QY S[00) UoIjedyIijuenb pue UOI1ONIISU0ISI JdIIdSURI) Y NHIIIO JUBAS[DI JO MIIAISAQ :F 9[R],

ou

ou

Sok

SoA

Sok

IS |

Q0TI9I

Teour-opnosd
pojeaId poseq UoOI}
-eoyrjuenb WA

yders sords
pojonaysuod-oxd e
UM Seouepunqge
uoxXo  JO  UOIjes

-taarydo QATIRINIT
ysnotyy  uoryeoyry
-uenb ydrmosuery

1drios

-reI)  IRdUI[ JUS[R
-Ambe jueurwopaid
10U dY) JO S[OA9]
oY} UuOo poseq oI}
-el ® se YNYOID
Jo uorjyeoyryuenb uo
-pre (5¢) YvVATO
UOTNLIISIP

q)8ua[ JuewseIy
poisnlpe uo peseq
w109[e INA
v)ep bos-y N 101
pue poyoLIus N2
-110 Sururquiod
‘Topowt QIN XTI
uRISSTIES € 07 S[oAd]
VNY2ID suryy
90TRIOJOI
Teour[-opnesd
poRaId poseq Uol)}
-eoyrjuenb A
uoryed

-gryuenb jdriosuelr,

ydeird 9o17ds uo
wjLIose  Apeoid
' SuIsn  UOIJONI)S
-uodor  jdumosuer)

SUOXo Uoomja( ade
-I9A0D JO 9JUSISHIP
uo poseq 19 o1}
-S1ye)S M Pajod)
-9p oIe SYUAAd QY

SULIOJOST
reryuajod [[e jonigs
-I0D91 PUR  SJUOAD
QY euluLdlep 09
1597 [eO19SIYR)S
suorjoun( oo1ds [re
opnput jet) srsg
[EERYIETe] syyed
JO Jes  wnuIruru

SV ojut
07 pasn sI uolyejou
-ue IBOUI| O[(R[IBAR
UOI}ONIIS
-uoda1  jdiIosuedy,

Suiddewr (1g) YV.IS uo

poseq aSexped (gg) DASHS
YSNOIY} UO0dJOp  OINfedy)

gurd
-dewr (9z) YW g WOIj suox]
-UI paurejol pue suorjoun( sut
-10999p 3dLIOS 19 [RUIOIUL

Surddew
((¢€) LVSIH) gLVHJOJ, U0
poseq  ‘(SUOISIOA I9)je] Ul
(9T) AILONIELS) (GT) SMNITA

-A0D M A[quissse LgVY
Surddew

(z€) TIVHJOJ, UIOI} POALISD
suonpoun( oords uo poseq
P930019p  SOLIBpUNOQ — UOXd

SOLIRIQI] POYDLIUS Y NYOIID
Jo AJquesse (gg) ALTONIULS
pue Suddew (gg) LVSIH
UO  Poseq Pooees  soLe

-PUNOQ VNPT UIHA G

oty
-ROIJUDPT 9INYRA] 000U (T

ogexped
(F€) DASXHA MM soLreIqr|
Dos-yNY PorpLIUD oI pur
[0I3UOD UoaMIaq QOwE@QEOO

Speal puo
-1red Jo paseq UOI}I9[eS UOXd

SerTRIqY
bos-yNY PoyoLIUS S[0I pue
[o1u0d udaMm)eq uosLredurod

UOI}RJOUUR IBIUI] UMOUYN
UO Paseq Pajoafes SALIBpuNoq
VNY2ID urym SUOXd

UOT3I97as aInjea) Y NYOI)

HATOAD

OIS THID

oyms
HAVOTIXTADID

LSVOEID

INVADTYID

HID-HSIATIVS

aIeM)JOg

18


https://doi.org/10.1101/2021.04.27.441578

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.27.441578; this version posted April 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Total RNase R
Tool Replicatel Replicate2 Replicatel Replicate2 ‘ Type

CYCLER | 0.430 (0.600) 0.486 (0.624) 0.867 (0.732) 0.857 (0.737) | 2x75
CIRI-vis 0.766 (0.612) 0.755 (0.578) 0.811 (0.628) 0.817 (0.596) | 2x75

(0.612) (0.578) (0.628) (0.596)
CYCLER | 0.759 (0.741) 0.744 (0.728) 0.930 (0.735) 0.930 (0.746) | 2x250
CIRI-vis | 0.809 (0.658) 0.811 (0.638) 0.845 (0.625) 0.874 (0.665) | 2x250

Table 3: Correlation of predicted versus simulated circRNA transcript counts Corre-
lation of predicted transcript abundances versus simulated. Correlations are based only on the
values of correctly identified transcripts. The values are based on correlations for the transcripts
of the reference set (in brackets: for transcripts of the the high complexity set)
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BSJs Transcripts
CIRCEXPLORER2 12554 -
SAILFISH-CIR 11117 11515
CYCLER 4371 5659

Table 4: D. melanogaster data set: total number of identified transcripts Summary of
the full number of BSJs and transcripts that have been identified by the corresponding tools.

Sample A & Sample B A\B AnB B\A

D. melanogaster(Head) RNase R WT19: Repl & Rep2 311 3017 298
D. melanogaster(Head) RNase R WT28: Repl & Rep2 199 2343 196
D. melanogaster(Head) RNase R: WT19 & WT28 1889 1737 1001
PA1 cell line: PolyA(-) & PolyA(-)/RNase R 1003 6075 761

Table 5: Summary of transcript assembly between different transcriptome samples Pair-
wise set difference and set overlaps between between samples. Column 1 provides information on
the 2 samples in the pair-wise comparison of reconstructed transcripts, columns 2 and 4 specify
information about the number of different transcripts between samples and column 3 contains the
number of overlapping transcripts.
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