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Abstract

RNA-editing is one type of post transcription modifications on RNA sequences. To detect RNA-editing, one method is to compare mature mRNA
(or cDNA) with the sequences in the coding region. In most existing studies, the coding region sequences were extracted from the reference genome,
and therefore SNPs are also detected during this comparison. In this study, both the coding region sequences and the mature mRNAs or cDNAs
were from the same genome. Therefore, the detected variations from the mature mRNAs and the coding regions would be either RNA-editing sites
or sequencing errors. We developed an automated and computational approach to identify RNA editing sites and the clusters with highly frequent
RNA-editing sites. The results of our computational approach provided a candidate list of genes that are most likely to contain the coding regions that
represent RNA editing sites. The results also showed that most of the “A-to-G” editing sites located in the 3’ regions, followed by transcript and exonic
regions. Moreover, we have provided a visualization of the editing sites within genes and chromosomes. Since the experimental clinical studies to
identify the RNA editing sites are very resource intensive in terms of cost, time, and efforts, so our results will be used to define the initial candidate

list of genes that should be experimentally tested.

Keywords: RNA Editing, mRNA, Genes, cDNA

Introduction

RNA editing is a broad definition for any process that changes
the content of the RNA molecule. It has been observed within tRNA,
mRNA, and rRNAs in a variety of species [1], which supports the
theory of an evolutionary adaptation. Methods of editing usually
include an insertion or deletion to a monomer or base and can
change the protein that was initially coded from the DNA. RNA
editing is a method of repairing and correcting sequences that may
contain protein sequences and could harm the cell or organism in
question [2].

As explained by Benne 1996, mRNA editing can be divided into
two subcategories: insertion and deletion edits or substitution and
conversion edits [3]. Insertion edits include those initially found in
trypanosomes and are most often a U insertion, though more recent

research has shown C, A, and G insertions as well. Substitution edits
conserve the nucleotide or monomer, but substitute with a different
pair. These substitutions have a profound impact on the correct
functioning of the protein itself, as can be seen in mammalian B
apolipoprotein. At pair 6666 the nucleotide is edited from C to U
which creates a stop codon. This creation creates two separate
proteins which function independently in lipid metabolism [3].
Without this edit, the originally coded sequence would have
created an entirely different protein that may or may not have been
usable by the cell. This interaction can possibly be explained as a
method of regulating production of certain proteins, by editing post
transcriptionally the cell has the option of producing two smaller
proteins or the originally coded protein.
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There are several methods to identify RNA editing sites such
as, the separate samples and pooled samples methods, which
depend on the RNA sequencing data without the need for matched
genome sequencing [4]. GIREMI is another method that uses allelic
linkage and generalized linear models to differentiate between
RNA editing sites and genetic variations in a single RNA-seq sample
[5]. RNA Editor is a method that developed a clustering algorithm
to identify the distribution of editing sites [6]. Researchers at [7]
used two parameters developed a prediction method to predict the
distribution of RNA editing sites using two parameters called Hits
Per Billion-mapped-bases (HPB) and Potential SNP Score (PPS).

The current work aims to develop an automated approach to
identify RNA editing sites and the clusters with highly frequent
RNA-editing sites.

Materials and Methods

RNA-seq data were obtained from the school of medicine at
the University of Pittsburgh. The RNA-seq data were isolated from
hepatocytes (cells of the main parenchymal tissue of the liver and
different from liver tissues), which excluded all other cell types
from the liver. The sequencing was performed on three unrelated
mice with b6 background. The dataset includes 197123 records.
Every record has detailed information such as chromosome, region,
reference allele, gene name, and gene version.

Mouse SNPs were extracted and genes annotation information
from Ensemble database V80, which is a publicly accessible
database in which sequence data are integrated with the gene
annotation. [t aims to predict gene locations [8].

Comprehensive relational database was built to integrate our
needed information about mouse SNPs and genes annotation. This
database expediates the process of searching and querying the
mouse data and permits efficient comparisons with our dataset. To
perform the comparison between our generated mouse database
and the data from the school of medicine, we used the chromosome
as the first matching criterion, then we used the region as the
second criterion to identify the strand (forward or reverse) and the
distribution of editing sites.

Three methods of analysis were performed on the genes: first
one is based on the total number of genes (unique ones), which
counts the number of occurrences of each gene regardless of the
count of each occurrence. The second kind of analysis is based on
the total number of editing sites (events, not counts). The third
kind of analysis is based on the ratio of counts and coverage of the
editing sites. For each kind of analysis, we identified the list of top
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ranked genes according to a certain threshold. Additionally, we
performed a statistical analysis on the editing sites and determined
the location distribution of these editing sites, which means the
range of the editing sites in bp, 3’ 5’ CDS, and Exon region. After
that, we visualized our results to show the overall picture of RNA-
editing sites and density. The three methods are further discussed
in the following paragraph.

In first method, the total of editing sites in each gene was
considered regardless of the count for each occurrence. For
example, if editing site number 1 has a count of 500, then we count
this editing site one time. In the second method, the count of editing
sites in each occurrence was considered. In the third method, the
ratio of count and coverage was used to select the top ranked genes.
We used a threshold value of 0.45, which means that we considered
the editing sites that have a ratio >= 0.45. X-axis represents the
genome positions and y-axis represents the count of editing sites.

After comparing the three methods, we found some
discrepancies in the distribution of editing sites. The justification
for this discrepancy is that the list of top ranked genes is different in
the three methods. To identify the best method, we compared our
results with the clinical results, and we have found that combining

the three methods together will produce better results.

To get a complete view of the distribution of editing sites in the
different regions, we have combined the three lists of top ranked

genes in one set as provided in the following expression:

Top ranked genes =Top ranked genes list1U Top ranked genes
list2 U Top ranked genes list (1)

Where Top ranked genes listl is the list of top ranked genes

using method 1 and so on. U means union.

Finally, we provided the distribution of editing sites in each
gene (Gene-based analysis). We selected the top ranked genes.

Results and Discussion

Our dataset has around 8000 distinct genes. The top ranked
genes were selected according to several criteria including, total
number of editing sites, count of editing sites, and the ratio of count
and coverage. Based on our analysis, the results, as shown in Figure
1, most of the editing sites are “A-to-G” editing sites and located
in the 3’ regions, followed by CDS and transcript and then Exon
regions. In Figure 1, x axis represents the region category and y axis
represents the count of the editing sites (Figure 1). Figure 2 shows
an overview of editing sites across the genes in our dataset, where
X axis represents gene names and y axis represents the number of
editing sites (Figure 2).
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Figure 1: Editing sites regions.
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Figure 2: Total Number of Editing Sites in the Top Ranked Genes.
Analysis Using First Method
The top ranked 40 genes according to method 1 are shown in Table 1.
Table 1: Top ranked genes according to first method.
No Gene Name No Gene Name
1 Lrpl 21 Pppl1rl5Sb
2 Mad2I1 22 2900026A02Rik
3 Erdrl 23 Akap8
4 Arhgef12 24 Duspl1
5 Cgn 25 Firre
6 D5Ertd579e 26 Nisch
7 Plec 27 Ptpn23
8 Slc7a2 28 Sptbn1
9 Cxadr 29 Tapbp
10 Flna 30 9030624G23Rik
11 Tulp4 31 Abhd2
12 Agrn 32 Chka
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13 F10 33 Cttn

14 Cnotl 34 Fads6

15 Helz2 35 Huwel

16 Prrc2a 36 Ndst1

17 Slc6a6 37 Slc7all

18 Deptor 38 1700030N03Rik
19 Gm26573 39 Ddx17

20 Kiflb 40 Glgl

We built a distribution for each chromosome. Each distribution
provides information about genetic regions, the count of editing
sites, and strand (Figure 3a-3f). For example, Figure 3b shows the
distribution of editing sites in chromosome 8. The x-axis represents
the region, and the y-axis represents the number of occurrences
of each editing sites. From this figure, we can notice that most of
the editing sites are in the forward direction, in which positive
direction of y-axis reflects the forward strand and the negative

direction reflects the reverse strand. Most of the editing sites are in
the 3’ region. The editing sites are clustered in different regions. As
shown in Figure 1, the 3’ is clustered into three distinct regions and
the CDS is clustered in one region.

Figure 3a shows the distribution of editing sites in chromosome
4. We can notice that the editing sites are distributed among the
transcript, CDS and 3’ regions. We can also notice that all of them
are in the reverse strand.
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Figure 3: Chromosomes 4 and 8 Editing Sites Using Methods 1, 2 and 3, respectively.
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Table 2 shows the top ranked genes according to the second method.

Table 2: Top ranked genes according to the second method.

No Gene Name No Gene Name
1 Hexb 21 Rps4x
2 Mrcl 22 Cctb6a, Snoral5
3 Zc3h7a 23 Mup7
4 Cd44 24 9030624G23Rik
5 Tapbp 25 Mup14
6 Seppl 26 Slc6a6b
7 Mup10 27 Cdh1
8 Flnb 28 1700128A07Rik
9 Ugt2b35 29 Copa, Gm37756
10 Sugct 30 Dnah7a
11 9330185C12Rik 31 Slco2al
12 Rsph3b 32 Selt
13 Calr 33 Gm37194
14 Mapre2 34 Rhpn2
15 [131ra 35 Nid1
16 Pisd 36 Itgb1
17 Gm13775 37 Tbce
18 Slc7a15 38 Gm20425, Trf
19 Rpsa 39 Plec
20 Cd151 40 Bcas3

As examples of the distribution of editing sites in each
chromosome using method 2, we provided a representation
of chromosomes 4 and 8. Figure 3d shows the distribution of
editing sites in chromosome 8. The x-axis represents the region,
and the y-axis represents the count of the editing sites. From this
figure, we can notice that the editing sites are in the forward and
reverse directions. Positive direction of y-axis reflects the forward
strand, and the negative direction reflects the reverse strand. It is
apparently clear that the distribution of editing sites in this figure
is different since we consider different set of genes. Most of the
editing sites are in the 3 prime regions.

Table 3: Top ranked genes according to method 3.

Figure 3c shows the distribution of editing sites in chromosome
4. The editing sites are distributed in both positive and negative
strands. They are also distributed among the transcript, CDS,

exonic, and 3’ regions.

We can notice that distribution of editing sites in methods 1 and
2 are different since we are using different set of genes because of
using different criteria.

Analysis Using Third Method

Table 3 shows the top ranked genes according to method 3.

No Gene Name No Gene Name
1 Mapre?2 21 Tbce
2 Sugct 22 1700128A07Rik
3 Mrcl 23 Cct6a, Snoral5
4 Gm37194 24 9030624G23Rik
5 Bcas3 25 Gm13775
6 Gm13773, Mup-ps6 26 Bnc2
7 Cd44 27 Cepl112
8 Tmprss2 28 Vmn2r-ps126
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9 Rsph3b 29 Frem3
10 Lrrk2 30 Zfp407
11 Hexb 31 Dnah7a
12 9330185C12Rik 32 Gm26573
13 Zfp808 33 RP23-335E20.1
14 Spats2 34 Nkain2
15 AI838599 35 Ccdc171
16 Aff2 36 Erdrl
17 Gm14553 37 Rps6ka2
18 Acad12 38 a
19 4933404012Rik 39 Sntgl
20 Asmt 40 Zfp943

Figure 3f shows the distribution of editing sites in chromosome
8. Form this figure, we can notice the editing sites are distributed

among transcript and exonic regions.

Figure 3e shows the distribution of editing sites in chromosome
4. The editing sites are distributed among transcript and exonic

regions.

Figure 4 shows the distribution of editing sites using the
combination of all top ranked genes. We can notice that the editing

sites are clustered into certain regions (Figure 4).

Figure 5 shows the distribution of editing sites across all genes
and regions. X-axis represents the relative positions in the genome
and y-axis represents the chromosomes. Different colours reflect
different types including, transcript, CDS, exon, 3’, 5, and stop
codon. Most of the editing sites are in the 3’ region (yellow color).
This figure provides a complete visualization of the distribution of

editing sites across all chromosomes (Figure 5).
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Figure 4: Overall View of the editing sites distribution using the three methods.
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Figure 5: Distribution of editing sites in each chromosome.

Gene-based Analysis We can notice that the editing sites are clustered into Exons and 3’

. . . ) o regions. All of them are in the forward direction (Figure 7).
Figure 6 shows the distribution of editing sites within gene

Lrp1. We can notice that the editing sites are clustered in different Figure 8 shows the distribution of all editing sites of the top
regions including CDS, Exon, and 3’ All of them are in the reverse ranked genes within the genetic regions. The figure gives an
direction (Figure 6). overview of editing sites distribution in each genetic region (Figure
8).
Figure 7 shows the distribution of editing sites in Mad211 gene. )
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Figure 6: Distribution of editing sites in Lrp1 gene.
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Figure 7: Editing sites distribution in Mad211 gene.
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In our study, we found 7954 distinct genes expressed in
primary hepatocytes. It is known that RNA editing is a relative rare
event in the RNA pool, and it only occurs to certain RNA molecules
at certain adenosine residuals. Thus, identify the edited genes and
the RNA editing sites would be very challenging. Analysis of our
RNA seq data found A-to-G mismatch sites, the potential editing
sites. However, the experimental testing of every single gene is
very time and resource consuming. To confirm the editing events,
it needs to provide a candidate list of genes that are most likely
to contain the coding regions that represent RNA editing sites. In
our computational study, we provided three methods to get the
candidate genes and we assigned a score for each gene. Based on
our computational methods, we selected the top 40 ranked genes
using each method. After that, we found the intersection between

the top 40 genes from each method and then we provided the list
of genes that are at least mentioned in two methods. Based on
the intersection, we got a list of 20 genes. These candidate genes
were tested through lab experiments. Experiments could positively
confirm our list of 20 genes. This implies that our computational
methods are very helpful and able to save time and effort by
(20/7954=0.0025) times.

Conclusions

In this research, we developed an automated approach that
identifies RNA editing sites and the clusters with high frequent
RNA-editing sites. The top ranked genes were selected according
to several criteria including, total number of editing sites, count of
editing sites, and the ratio of count and coverage. We found that the
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ratio of countand coverage can provide more accurate results. Based
on the current results, most of the editing sites are “A-to-G” editing
sites and located in the 3’ regions, followed by CDS and transcript
and then exonic regions. Additionally, we have provided a spatial
visualization of the editing sites within genes and chromosomes.

In the future, we aim to perform a similar study on different
species and determine whether they have the same patterns or
there are any species-specific patterns.

Data Availability
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available upon reasonable request from the corresponding author.
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