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Abstract
Motivation: RNA–protein interactions play essential roles in every living organism, with RNA transcription, processing, and translation being 
just a few examples. Therefore, determining the set of RNAs that are bound by individual RNA-binding proteins, as well as the precise location 
of the interaction, is crucial for biological understanding. CLIP (UV-cross-linking and immunoprecipitation) is a method developed to study these 
interactions. Several variations of the CLIP protocol have been developed, e.g. iCLIP (individual-nucleotide resolution CLIP), which offers 
nucleotide-precise resolution of the cross-linking event.
Results: PARANOiD is a versatile software for fully automated analysis of iCLIP and iCLIP2 data. It contains all steps necessary for preprocess
ing, the determination of cross-link locations, and several additional steps, which can be used to detect specific characteristics, e.g. definite dis
tances between cross-link events or identify binding motifs. Additionally, results are visualized as statistical plots for a quick overview and as 
standardized bioinformatics file formats, which can be used for further analysis steps.
Availability and implementation: PARANOiD is published under the MIT license and is available from https://github.com/patrick-barth/ 
PARANOiD. The documentation is available at https://paranoid.readthedocs.io/en/latest/index.html.

1 Introduction
The individual-nucleotide resolution CLIP (iCLIP) (K€onig 
et al. 2010) method is a variant of UV-cross-linking immuno
precipitation (CLIP). Both rely on UV-induced covalent 
cross-linking of proteins to nearby RNAs. Via immunopre
cipitation, the target protein and all linked RNAs are 
extracted. After several purification steps and adapter liga
tion, a reverse transcription (RT) is performed. In about 80% 
of cases, RT stalls at the polypeptide linked to the RNA 
(Sugimoto et al. 2012). iCLIP utilizes this to provide single- 
nucleotide resolution of the cross-link position. After RT, the 
cDNA is purified, sequencing adapters are added, and the li
brary is amplified by PCR. Finally, the RNAs that were 
bound to the protein of interest in live cells are determined by 
Illumina Sequencing. In 2020, an improved version named 
iCLIP2 was introduced, offering simplified library prepara
tions, reduced sample loss, and prolonged barcode sequences 
(Buchbender et al. 2020). For a successful analysis of iCLIP 
data, we introduce PARANOiD. The workflow incorporates 
all required steps for automated analysis and interpretation 
of iCLIP and iCLIP2 data and has already been successfully 

used to analyze the interaction between the nucleoprotein 
and the Rift Valley Fever Virus genome (Shalamova et al. 
2024). PARANOiD is made available as a Nextflow (Di 
Tommaso et al. 2017) workflow that can be deployed via the 
command-line-interface (CLI).

Beyond iCLIP, several other CLIP-seq variants have been de
veloped, including Photo-activatable ribonucleoside CLIP 
(PAR-CLIP) (Hafner et al. 2010) and enhanced CLIP (eCLIP) 
(Van Nostrand et al. 2016). For these methods, dedicated analy
sis workflows have been published, such as the pipeline by Jens 
(2016) for PAR-CLIP and Skipper (Xu et al. 2024), CLIP- 
Explorer (Heyl et al. 2020) or racoon_clip (Klostermann and 
Zarnack 2024) for eCLIP. While PARANOiD is tailored to 
iCLIP and iCLIP2, these references can serve as useful guidance 
for users working with alternative protocols.

2 Methods
PARANOiD supports fast and efficient data analysis, as tasks 
can be executed in parallel and distributed to high- 
performance clusters, greatly reducing the overall processing 
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duration. For all individual steps, Docker containers are pro
vided, which can be run via Docker, Podman, Singularity, 
and Apptainer. This guarantees consistent versions for all 
tools included in the analysis process, supporting the repro
ducibility and comparability of results.

2.1 Required input data
PARANOiD usage requires (i) iCLIP or iCLIP2 sequence 
data in FASTQ format, (ii) a reference genome in FASTA for
mat, and (iii) a TSV file assigning barcode sequences to their 
respective experiments. For splicing-capable organisms, an 
additional annotation file can be provided in either GFF or 
GTF3 format.

2.2 Data processing steps within PARANOiD
PARANOiD provides analysis steps for quality control, re
moval of adapter sequences, trimming of low-quality and 
barcode sequences, and demultiplexing. Furthermore, several 
continuative analyses, e.g. peak calling, RNA subtype distri
bution, or sequence extraction, are included, which provide 
an in-depth view of the underlying data (Fig. 1). To provide a 
general overview to the user, a diverse array of statistics is 
collected during execution: Before and after preprocessing, 
read quality is surveyed using FastQC, and metrics provided 
by individual processing steps are collected and summarized 
by MultiQC (Ewels et al. 2016).

2.2.1 Quality control and demultiplexing
Raw reads are first adapter trimmed using TrimGalore 
(https://zenodo.org/record/5127899), which relies upon cuta
dapt (Martin 2011). Afterwards, low-quality bases are re
moved via fastq_quality_filter from the FASTX toolkit 
(https://github.com/agordon/fastx_toolkit), and random bar
code sequences are extracted via umi_tools (Smith et al. 
2017). After the random barcode extraction, reads are 
assigned to their respective experiment using fastx_barco
de_splitter from the FASTX toolkit, generating one FASTQ 
file per experiment, which will be processed in a parallel 
manner from thereon. The experimental barcode is removed 
using fastx_trimmer from the FASTX toolkit.

2.2.2 Cross-link site identification
To identify cross-link sites, PARANOiD offers two different 
aligners. The default setting uses bowtie2 (Langmead and 
Salzberg 2012), with STAR (Dobin et al. 2013) being avail
able as an alternative alignment tool. Afterwards, PCR dupli
cates are removed via umi_tools dedup. Since iCLIP 
experiments have different sources of background noise 
(Sugimoto et al. 2012, Jankowsky and Harris 2015), peak 
calling via PureCLIP (Krakau et al. 2017) is used by default, 
reducing the amount of false positive signal. Peak calling can 
be optionally omitted in which case cross-link sites are deter
mined one nucleotide upstream of the alignments’ start posi
tion for reads aligned to the forward reference and one 
nucleotide downstream of the alignments’ end position for 
reads aligned to the reverse reference. The cross-link sites of 
all alignments are then summed up at their position using 
positive values for forward alignments and negative values 
for reverse alignments, which are exported to two distinct 
WIG files. If peak calling is performed, all subsequent analy
ses use confirmed peaks. Without peak calling, all further 
analyses have a variable cutoff applied to peaks, removing all 
peaks below a certain percentile (default: –percentile 90), cal
culated via numpy (Harris et al. 2020).

2.2.3 Summarize replicates
The generation of several replicates per experiment is essential 
to draw statistically relevant conclusions. However, depicting 
all replicates can take up a lot of space, especially on posters 
where space is typically limited. To give users the possibility to 
publish the results generated by PARANOiD without having to 
depict every replicate, an optional merging of replicates is imple
mented. WIG files of replicates are summarized by calculating 
the arithmetic mean of the coverage for each position. If this op
tion is chosen, all subsequent analyses are performed using the 
summarized experiments. Furthermore, a correlation analysis 
can be performed to provide a statistical measure of the similar
ity of replicates, using R (R. C. Team 2022). Correlation results 
are provided as CSV files and heatmaps generated using ggplot2 
(Wickham 2016).

Figure 1. Overview of PARANOiD’s order of processes. Elements with rounded corners represent input files (only blue input files are required), while 
rectangular elements represent analysis processes. Green colored elements are optional and not part of the core Pipeline. A detailed description of all 
input parameters and processes can be found at https://paranoid.readthedocs.io/en/latest/.
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2.2.4 Sequence extraction and motif discovery
As protein binding sites are often determined by protein- 
specific RNA motifs (Burd and Dreyfuss 1994), nucleotides 
surrounding detected cross-link sites can be used to determine 
these motifs. Therefore, an optional analysis step is provided 
that extracts a variable amount of nucleotides surrounding 
cross-link sites and performs motif analysis on extracted 
sequences using STREME (Bailey 2021). As the cross-link nu
cleotide itself tends to be biased toward uridines (Sugimoto 
et al. 2012), which can negatively impact and introduce ex
perimental biases into a motif search, users can choose to 
omit the cross-link as well as neighboring nucleotides. Motif 
search results are provided in textual formats and as an 
HTML report.

2.2.5 RNA subtype distribution
As certain proteins preferentially bind to specific RNAs, 
RNA types, or regions (Hirose et al. 2006), PARANOiD uses 
an optional analysis step that quantifies the cross-linking 
occurrences within specific RNA types via featureCounts 
(Liao et al. 2014). Results show the distribution of peaks 
over every RNA subtype present within the annotation file in 
textual form and as bar charts. Overlapping annotations will 
be shown as ambiguous.

2.2.6 Peak distance distribution
Specific proteins were shown to cover target RNAs with peri
odic distance rather than via binding motifs, such as the 
hnRNP C protein (K€onig et al. 2010) as well as the nucleo
capsid proteins of diverse viruses (Egelman et al. 1989, 
Reguera et al. 2014). To address such periodic RNA–protein 
interactions, we provide an optional peak distance analysis, 
calculating the distance between individual cross-linking 
events. Results are provided as TSV files and line plots.

2.2.7 Detailed transcript analysis
Transcripts often exhibit binding properties for specific pro
teins, and vice versa (Dubey et al. 2003), which can signifi
cantly impact the lifespan of the affected RNAs. Identifying 
transcripts that are likely to interact with a protein of interest 
can offer valuable insights into the molecular mechanisms 
and potential implications of these interactions. To facilitate 
this, an optional transcript analysis feature is implemented, 
allowing users to identify transcripts with the highest RNA– 
protein interaction counts. To utilize this analysis, users must 
use the –map_to_transcripts parameter and provide the tran
scripts instead of the reference genome for the –reference pa
rameter. The top transcripts are delivered as a FASTA file, 
which can be visualized alongside the provided WIG files.

2.2.8 Strand preference detection
Ambisense RNA viruses contain at least one genomic seg
ment consisting of partly positive and partly negative polarity 
(Sabsay and Te Velthuis 2023). By observing the amount of 
forward and reverse aligned reads, insights about differing 
protein coverage of genomic and antigenomic fragments can 
be drawn. An overview of the amount of reads mapped to the 
forward and reverse reference is provided as output.

3 Conclusion
We provide PARANOiD, a novel modular Nextflow work
flow to analyze iCLIP experiments. PARANOiD can be 

executed locally or via distributed compute infrastructures 
and uses containerized processes ensuring reproducibility due 
to version control. Supporting both iCLIP and iCLIP2 data, 
PARANOiD executes all processes necessary to perform an 
iCLIP data analysis, while offering diverse optional analysis 
steps. PARANOiD is independent of any specific species and 
also allows arbitrary sequences to be analyzed.

Output is provided in a variety of established bioinformat
ics file formats, supporting visualization and evaluation of 
analysis results. The generated IGV (Integrated Genomics 
Viewer) (Robinson et al. 2011) session file can be inserted di
rectly into the IGV, automatically importing the reference 
file, together with generated tracks and if present, the annota
tion file.

PARANOiD greatly benefits from the modular architecture 
of workflow-based approaches; therefore, it is effortlessly 
possible to adapt PARANOiD to future developments.
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