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ABSTRACT

RNA performs a crucial regulatory role in cells by folding into complex RNA structures. To date,
chemical compounds have been developed to effectively probe mRNA structure in vivo at the

transcriptome level. Here, we introduce a database, RSVdb (https://taclab.nwafu.edu.cn/rsvdb/), to

browse and visualize mMRNA structure data in vivo. RSVdb, including 622,429 RNAs from 178
samples in 10 studies of 8 species, provides four main functions: information retrieval, research
overview, structure prediction, and resource download. Users can search for species, studies or
genes of interest through fuzzy search and search suggestions; browse sequencing data quality
control information and statistical charts of mMRNA structure; predict and visualize RNA structure in
silico and in experimental treatments; and download RNA structure data for the available species and
studies. Overall, RSVdb provides an easy reference for RNA structure at the transcriptome level and

will support future research on the functions of RNA structure in cells.

INTRODUCTION

Intracellular mMRNA is not only the carrier of genetic information but also the regulator of translation
initiation, ribosome translation rate, subcellular mMRNA localization, and cotranslational protein folding
by forming mRNA structures in vivo (1-6). Several compounds have been developed to detect RNA
structures in vivo. For example, dimethyl sulfate (DMS) can identify non-Watson-Crick conformations
of adenine and cytosine, and information about mMRNA structure in vivo can then be calculated
through the RNA structure algorithm (7-9). DMS probing methods use next-generation sequencing
technology to monitor the structure of mMRNA, and the first global detection of Arabidopsis thaliana,
Saccharomyces cerevisiae, and Homo sapiens mRNA structures has been performed in vivo (10,11).
This method can effectively detect the structure of mMRNA in vivo at the transcriptome level. In recent
years, an increasing number of studies have used this method or improved techniques, such as
structure-seq, CIRS-seq, and DMS-MaPseq, to detect mRNA structures (12-18). Currently, there are
several databases collecting in vivo mRNA structure information: RMDB
(https://rmdb.stanford.edu/browse/), FoldAtlas (http://www.foldatlas.com/), and Structure Surfer
(http://tesla.pcbi.upenn.edu/structuresurfer/)(19-21). RMDB contains the chemical mapping data of
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specific RNA structures in different experimental treatments rather than in vivo mRNA structures at

the transcriptome-wide level. FoldAtlas contains the in vivo mMRNA structure of Arabidopsis thaliana
labeled by DMS, and Structure Surfer includes only the in vivo RNA structure data of Homo sapiens
and Mus musculus.

Here, we collected all the studies of in vivo mRNA structure labeled by DMS, and we present a
comprehensive, visual and user-friendly database, RSVdb (https://taolab.nwsuaf.edu.cn/rsvdby/).
RSVdb. It includes 622,429 RNAs from 178 samples in 10 studies of 8 species, statistical
presentation of mapping data, and even prediction and visualization of mMRNA structure in silico and in
experimental treatments (Figure 1B). The database provides interactive charts showing statistical
analyses at the transcriptome, sample, and gene levels, including sequencing data quality control,
DMS signal distribution, Gini coefficient distribution of the DMS signal, and more. Furthermore, it
allows users to predict and view the structure of the mRNA of interest based on the available DMS
signals. In addition, DMS signal data and Gini coefficient data under different thresholds can be
downloaded. All charts in the database are interactive and can be exported online as figures or in text
format, and all search boxes in the database support fuzzy search and search suggestions (Figure 1).

In summary, RSVdb makes it easy to browse, search, and download mRNA structure data.
MATERIAL AND METHODS
Data sources

The DMS sequencing data were collected from the Gene Expression Omnibus (GEO) and Short
Read Archive (SRA) databases. The current version contains 178 samples from 10 studies of 8
species. The sequencing data of these samples were mapped to the corresponding reference
genomes and transcriptomes and then normalized through data processing to screen 622,429 RNAs

with valid data (Figure 2).
Data processing

Sequencing data mapping. All SRA files were obtained from the NCBI SRA database and converted
to Fastq format by using ‘pfastg-dump’ (https://github.com/inutano/pfastq-dump), which requires the

installation of ‘sratoolkit’ v2.9.6 (https://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?view=software).
Quality control checks on the raw sequence data were performed by FastQC v0.11.8
(http://www.bioinformatics.babraham.ac.uk/projects/download.html#fastqc). For Fastq files, the read
adapters were removed by Cutadapt v1.18 (https://cutadapt.readthedocs.io/en/stable/index.html) with
the parameters ‘-j 8 -n [N] -b’. All reads were filtered by FASTX-Toolkit v0.0.14
(http://hannonlab.cshl.edu/fastx_toolkit/download.html) with a quality score higher than 30 and a read
length greater than 21. The reference genomes of the eight species and corresponding annotated
files are shown in Table S1. The transcriptome sequences of the eight species were downloaded from
Ensembl, and only the longest transcript was retained for each gene. Hisat2 v2.1.0
(https://ccb.jhu.edu/software/hisat2/index.shtml) was used for sequence alignment, and two

mismatches were allowed. We mapped the Fastq files to both the reference genome and reference
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transcriptome. It is worth mentioning that reads may map to the untranscribed regions in the genome,
thus reducing the read abundance of the transcriptome. Therefore, based on the comparison with

genome mapping statistics, we recommend mapping to the transcriptome directly.

Normalization. We performed 2%/8% normalization on the raw DMS signal (22). In this step, the top
2% of DMS signal values are treated as outliers, and each DMS signal value (including the top 2%) is
divided by the average of the remaining top 8% of DMS signal values to obtain normalized structural

reactivity. Transcripts with no DMS signal in the 2% to 8% range were removed.

RNA structure prediction. RNA structures in silico and in experimental treatments were predicted by
‘Fold’ of ‘RNAstructure’ software package (7).

Data analysis

We used Perl scripts to generate three types of statistics for the mapped reads: (i) the proportion of
mapped and unmapped reads in each study, (ii) the numbers of mapped and unmapped reads in
each study and (iii) the mapping ratios of the four bases A, C, G and T. Then, we calculated two
additional types of statistics for the mapped reads: (i) the distribution of DMS RPKM values and (i)
the distribution of the Gini coefficients of the 5 'UTR, CDS, and 3' UTR of each sample.

RPKM was used as an index to measure the abundance of DMS signal for each transcript, as defined
below.

7 X 10°

RPKM =
R x fl,

where r; is the raw DMS count in a transcript, R is the total mapped reads in all transcripts, and fI; is

the feature length of a transcript.

The Gini coefficient was used as an index to measure the strength of the mRNA structure for each
transcript, which was calculated using a sliding window with a size of 50 A and C bases (G and T

bases were removed)(11,23). The Gini coefficient is defined as follows.

1 n-1
G = 1—E(22Wi+1)
i=1

where W; is the cumulative DMS count from the first base to the ith base as a percentage of the total
DMS count in the window j. n is the total number of A and C bases in a window, which was 50. G; is

the Gini coefficient of the jth window, and m is the total window count of the transcript. If the DMS

count in a window is zero, the Gini coefficient of the window is zero.

Front-end interface and back-end structure
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The implementation of the RSVdb database can be divided into two parts: the front end (client side)
and back end (server side). The back end implementation uses the python-flask web framework,
which is responsible for server-side website operation logic, necessary data processing, and
SQLAIchemy, which is responsible for data storage and query. The front-end interface is written in
HTML 5, CSS, and JavaScript and uses AJAX to asynchronously interact with the data on the server
side. The front-end and back-end code of RSVdb are freely available via the GitHub repository
(https://github.com/atlasbioinfo/RSVdb/).

RESULTS
Database usage and access

The RSVdb website contains four functions: information retrieval, research overview, structure

prediction, and resource download.

Information retrieval. Our website provides a powerful retrieval function. On the ‘Home’ page, the top
search box can search for species, GEO or SRA numbers. In the ‘Quickstart’ section below, users
can directly click a picture of a species or functional module to enter the corresponding page.
Meanwhile, the viewing page search box also offers searches for the transcript IDs and gene names
of 622,429 RNAs.

Research overview. Our website provides the necessary experimental information and statistics for
each study. On the 'Browse' page, users can click the species and research bar on the left to obtain
information on the corresponding research. The 'Study info' section lists the necessary information on
the study, in which the QC section gives an HTML report on the data quality control. The section
"Transcriptome and genome mapping statistics' gives significant differences in mapped read counts
between the transcriptome and genome, as well as the proportions of reads for the four bases A, C,
G, and T. The ‘Sample’ section lists the samples and SRA numbers for each study. The section
‘Sample mapping statistics’ shows the differences among the samples. The section ‘Histogram of
DMS RPKM’ plotted the frequency histogram of RPKM of DMS signal in each transcript under
different experimental conditions. The section ‘Boxplot of Gini coefficient’ compares the Gini
coefficient of 5 'UTR, CDS, and 3' UTR in each transcript among different samples. '‘Sample info'
section lists the experimental processing information for the different samples. The section 'Histogram
of Gini coefficient' plots the frequency histogram of the Gini coefficient for the 5 'UTR, CDS, and 3'
UTR of each transcript. Finally, the ‘RPKM top 100 transcripts’ section lays out the essential

information of the first 100 genes ranked by RPKM as calculated by DMS signal.

Structure prediction. Our website provides online structure prediction and interactive display. On the
'Viewer' page, enter any transcript ID or gene name from the selected species in the search box to
obtain the statistical information of the sequence and an interactive bar plot of the normalized DMS

signal. Subsequences of arbitrary length can be selected to generate predicted structures in silico and
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DMS corrected structures under different experimental conditions, and all generated structures can be

presented interactively.

Resource download. All the generated images and RNA structure data of each transcript in different

experimental conditions are available for download from our website.

RSVdb also provides detailed illustrations of database usage and functional demonstrations.

Complete user manuals for RSVdb are also available online and for download.
DISCUSSION

RSVdb is a comprehensive and user-friendly in vivo mRNA structure database with multiple functions.
It not only supports browsing data related to mRNA structure in vivo, including sequencing data
quality control information, statistical display of DMS signal data, and statistical display of Gini
coefficient, but also predicting and visualizing mRNA structure in silico and in experimental
treatments. The database also allows users to download the available in vivo mRNA structure data,
so interactive online manipulation and export of charts are supported, and detailed user manuals are
provided. RSVdb enables users to easily access multiple platforms through the browser, with
additional optimizations for mobile platform access and charting operations. Additionally, we provide
the open-source code used to build the front and back ends of the RSVdb in the GitHub repository,
which supports downloading and building the database locally to achieve its main functions offline.

Although RSVdb has certain advantages, there are still some limitations. Currently, the database
contains only in vivo mRNA structure data from labeling with DMS reagent, but excellent and
continuously improving new methods, such as SHAPE and CMCT, are becoming available to label in
vivo mRNA structure (3,24,25). In the future, we will continue updating the database by adding in vivo
MRNA structure data labeled with SHAPE, CMCT, and other reliable reagents. Moreover, we will work
to combine these in vivo structural data with other data, such as ribosome profiles, to show the

interaction between mRNA structure and ribosomes during translation.
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Figure 1. Schematic overview and main contents of RSVdb. (A) Website frame and main functions.

(B) Distribution of studies and samples among species.
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Figure 2. Data processing flow of RSVdb.
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