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Abstract

RNA editing is an important part of post-transcriptional modification which involves the majority
of human cellular diversity. The ADAR-mediated Adenosine to inosine deamination, as the majority
type of RNA editing, has been found with various RNA-specific functions to modify cellular activity
and were involved in various disease pathogenesis. However, although some study has indicated
an essential regulatory role of ADAR in cardiovascular diseases, the specific role of RNA editing was
not comprehensively studied yet. In this study, we aimed to re-analyze the RNAseq data of
cardiomyopathy and healthy hearts to systematically compare the RNA editing level and identify
potential functional RNA-editing sites. Our results indicated no overall RNA editing level difference
but diverse site-specific differences between groups. We obtain a list of 410 differentially edited
genes, among which 4 of the top 10 genes were of great interest and worth laboratory verification.
Besides, most editing sites were located in the 3'UTR functional region, indicating a close
relationship between miRNA binding and RNA editing. Our study is the first to systemically analyze
the RNA editing events in human hearts, which could give novel insights into human CVD
pathogenesis and promote the development in the field of CVD epitranscriptomatics.
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1. Introduction

Post-transcriptional modifications contribute a lot to human genetic and functional diversity. The
RNA modification, a subtype of post-transcriptional modifications, has been indicated with rather
complex regulatory patterns. After transcribed from the DNA template, RNAs will be spliced, folded,
and edited by various enzymes in either nucleus, cytoplasm, mitochondria, or plastids (Dorn, 2019),
which would modify the cellular activities by affecting the protein function or RNA degradation
sensitivity and accessibility. Therefore, it is not surprising to find that RNA modification involves in
multiple developmental progress and disease pathogenesis (Moore Joseph, 2020; Baysal, 2017).
1.1. RNA editing

RNA-editing is a type of post-transcriptional RNA modification that alters a single nucleotide in
the sequence of RNAs but not DNA templates (Benne, 1986). Mechanically, a specific type of
enzymes, named deaminases, could recognize the adenosine (A) or cytidine (C) sites in the double-
strand RNAs (such as mRNA, tRNA, miRNA, etc), and deaminate them into Inosine (1) or Uridine
(U), which could bring functional changes in downstream protein-coding or RNA accessibilities
(Christofi, 2019; figure 1). Recent studies found that RNA editing events occurred in all living
organisms (Li, 2013) and were evolutionarily conserved among Drosophila, zebrafish, mice, and
human (Slavov, 2000; Keegan, 2011; Grice, 2015), which attract high concern among researchers.
However, the specific functions of RNA editing diverse, depending on the cell types, editing types,
RNA types, and editing locations (Ramaswami, 2014; Uchida, 2018), making the functionality study
rather complicated.

For example, the role of RNA-editing in different RNA types varies. Editing in non-coding RNA
could change the RNA stability by stabilizing the RNA secondary structures and altering the
accessibility of non-coding RNAs (Wang, 2013). Editing in exons would mainly result in protein
recoding in the mRNA translation process due to the changes of amino acids (Powell, 1987). Besides,
editing in the 3 UTR or miRNA could regulate gene expression through miRNA biogenesis and
binding site recognition (Yang, 2006), and editing in introns would affect the pre-mRNA splicing and
introduce new protein isoforms (Mazloomian, 2015) (figure 2). In humans, most RNA editing events
occur in noncoding regions, especially the introns of protein-coding and non-coding RNAs (89%)
(Ramaswami, 2014). And two major types of deamination exist, including the adenosine to inosine

(A-to-1) editing and cytidine to uridine (C-to-U) editing, while the former is deaminated by adenosine
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deaminases acting on RNA (ADARs) family, the latter by cytidine deaminases within the activation-
induced cytidine deaminase/apolipoprotein B editing complex (AID/APOBEC) family (Christofi, 2019).
1.2. ADAR-mediated A-to-I Deamination

The ADAR-mediated adenosine (A) to inosine (I) deamination contributes to 90% of overall RNA
editing events (Uchida, 2018). The converted inosine would then be recognized as Guanine (G),
which could no longer pair with uracil (U) in the dsRNA and induces changes in RNA secondary
structure. The subsequent binding ability of ADARs is thus changed, resulting in the change of RNA
stability and cellular activity (Dorn, 2019). In human, three subtypes of ADARs (ADAR1, ADAR2,
ADARR3), together with several other isoforms (such as ADAT) of the ADAR family were found (Ng,
2013), while ADAR3 was found expressed mainly in neurons (Mladenova, 2018) and less involved
in the RNA-editing events (Chen, 2000). Research has shown different but essential developmental
functions between Adar1 and Adar2 in mice, since depletion of Adar1 would induce embryonic death
(Wang, 2004), while depletion of Adar2 would induce postnatal death instead (Higuchi, 2000).
Besides, mutations in ADAR1 in human were found associated with dyschromatopsia symmetrical
hereditria and Aicardi—Goutiéres syndrome (Slotkin, 2013), and high ADAR expression were found
pivotal in the vasculature (Stellos, 2016). These ADAR-mediated A-to-l RNA editings are also
regarded as an impetus of evolution, which could introduce new protein functions to adapt to natural
selection. A specific example is the NARF gene, where the A-to-l editing introduces novel exons and
changes the stop codon to affect the nonsense-mediated decay (NMD) of NARF RNA. Together, a
novel and stable function of NARF protein was introduced (Schaffer, 2020).

Human A-to-I editing mostly occurs in introns and 3’ UTRs of protein-coding genes (Dorn, 2019),
indicating a strong regulative role of RNA-editing in RNA metabolism. Besides, miRNAs and 3'UTR
regions are also popular targets of ADARs (ADAR1 and ADARZ2) to control miRNA decay and their
binding ability (Yang, 2006). In particular, the most frequent target of ADAR-mediated RNA editing
events is the Alu repeat, a repetitive short-interspersed element (SINE) abundant in humans which
always forms long and stable dsRNAs (Peng, 2012). In human, more than 10% of the overall genome
consists of Alu elements (Schaffer, 2021), which means these special sites provide millions of sites
for RNA-editing (Bazak, 2014). These RNA editing events in Alu elements were also found effective
in multiple diseases, such as promotion of malignant regeneration in multiple myeloma due to Alu-

dependent RNA editing of GLI1 (Lazzari, 2017), development of autoimmune disease due to
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additional activation of protein kinase R by Alu editing (Nakahama, 2020), and inducing of ALS type
12 due to deficient of GRIA2 editing in spinal motor neurons (Krestel, 2018). A global screen of ADAR
expression in all human tissues found an extremely high ADAR expression in neurons, together with
an oppositely low ADAR expression in cardiomyocytes (Tan, 2017). However, compared to neurology,
the specific role of RNA editing in cardiovascular diseases (CVDs) and cardiomyocytes remains
largely unexplored.
1.3. RNA editing in CVDs

In contrast to the high occurrence and top mortality contribution of cardiovascular diseases (CVD)
(Lozano, 2012), only a few studies linked RNA editing to this important disease, let alone the
corresponding therapeutic strategies. Among these studies, some research did have indicated an
essential role of the ADAR enzyme in cardiomyocyte survival and proliferation. Moore’s study (2020)
showed increased apoptosis of cardiomyocytes in Adar1 Knockout mice embryos, while Witman’s
study (2013) showed that the Adar1 overexpression in newt hearts would lead to cardiac injury.
However, no direct research of ADAR function has been done in human hearts. On the other side,
several reports indicated disease-related edited sites that involved in the pathogenesis. For example,
a pilot study reported a higher A-to-I RNA editing level in the MED13 RNA in cyanotic congenital
heart disease than acyanotic, suggesting an influence of RNA editing in the cellular and metabolic
pathways (Borik, 2011). Another study indicated that the expression of cathepsin S (CTSS), which
encodes angiogenesis and atherosclerosis-associated cysteine protease, was increased in the
endothelial cells in atherosclerotic inflammatory diseases (Stellos, 2016). More recently, van der
Kwast’s group (2018) identified an increased level of editing in miR487b of murine muscle tissue
during postischemic neovascularization, which changes the targets of the proangiogenic RNA.
What's more, Jain’s study (2018) revealed that an ADAR2-triggered loss of editing in Filamin A pre-
MRNA led to misregulation of PLC and ROCK signaling in smooth muscle and induced persistently
elevated diastolic blood pressure, resulting in left ventricular hypertrophy in mice. These studies
gave insight into the new field of cardiovascular epitranscriptomics (which means post-transcriptional
RNA modification) which requires further investigations. Therefore, a more specific illustration of
ADAR activity and a more comprehensive comparison of RNA-editing sites in the cardiovascular
system is in urgent need.

1.4. Cardiomyopathy
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Cardiomyopathy is a group of cardiovascular diseases that affect heart muscles and induces
heart failure. It could be further categorized into primary and secondary cardiomyopathy, and the
primary cardiomyopathy could be further classified into genetic (eg. Hypertrophic), acquired (eg.
Peripartum), and mixed (eg. Dilated and restrictive) in etiology (Brieler, 2017). Regardless of the
pathogenesis, all these categories showed common pathologies in heart failure with reduced ejection
fraction, which is always associated with hypoxia. The current treatment of cardiomyopathy is mostly
symptom-relief targeted, while the RNA-related pathogenesis remains unclear. Therefore, identifying
the relationship between RNA-editing events and cardiomyopathy could provide novel therapeutic
targets to improve treatment efficiency.

1.5. Aim and Hypothesis

With the fast-increasing amount of available high-throughput RNA sequencing data and the
recent development of bioinformatics pipelines that identify RNA-editing sites from RNA sequencing
alone, we are now available to perform a comprehensive comparison of RNA editing events in CVDs
based on large sample size. Therefore, in this research, we aimed to re-analyze the RNA-seq data
in cardiomyopathy to compare the ADAR-mediated A-to-I editing events in the Alu regions between
different cardiomyopathy etiology and healthy hearts and identify potential functional alteration in
ADARs and RNA-editing sites which involves in the pathogenesis. We hypothesize that an ADAR-
induced RNA-editing alteration of specific functional groups of mMRNAs or miRNAs with specific
functional target regions would affect the pathogenesis of cardiomyopathy. Thus, by recovering the
normal RNA structure by RNAi or CRISPR-Cas9 system, new drug targets could be identified to
promote cardiomyopathy treatments.

So far as we know, this is the first study that analyzes the RNA-editing events in human hearts,
which could give a more direct indication of the situation in human hearts. The results could also

give clues to other CVDs and promote the development of the cardiovascular epitranscriptomics field.

2. Methods
21. Datasets

To support the analysis of RNA-editing sites in all types of RNAs in relatively large sample size,
the overall RNA sequencing data (lllumina HiSeq 2500, Homo sapiens) of the left ventricle from non-

failing donors and heart failure samples from the MAGNet consortium was downloaded from Gene
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Expression Omnibus (GEO: GSE141910). 324 RNAseq samples were used, including 147 samples
of Dilated cardiomyopathy (DCM), 27 samples of hypertrophic cardiomyopathy (HCM), and 6
samples of peripartum cardiomyopathy (PPCM), together with 144 samples of healthy controls.
Among all the samples, 213 Caucasians and 11 African American were included, while 168 males
and 156 females were included. Also, the samples cover patients from 15 to 83 years old.
2.2. Bioinformatic pipeline for RNA-editing site detection

With the recent development of RNA editing detecting bioinformatic pipelines, the RNA editing
sites could now be identified directly from RNAseq data without DNA sequence as reference. In the
A-to-l editing, the inosine (1) will be converted to guanine (G) during reverse transcription to cDNA.
Therefore, by comparing the cDNA sequence to the reference genome, the editing sites could be
directly identified. However, the biggest challenge of RNA-editing detection is the way to separate
RNA editing sites from genome-encoded single-nucleotide polymorphisms (SNPs) and technical
artifacts generated during sequencing or read mapping. To reduce the false-positive rate, we
adopted Pamaswami’s pipeline (2013) with a series of filters to exclude the technical biases and
multiple databases of known SNPs as references (Diroma, 2019; An, 2020; figure 3A).
2.2.1. Mapping of RNAseq reads
In brief, we first used Spliced Transcripts Alignment to a Reference (STAR: Dobin, 2013) toolkit two
times for gap-awaring RNA alignment and integrated four known gene models from UCSC, RefSeq,
GENCODE, and Ensembl known gene databases into the first round of STAR alignment. All the gene
models were downloaded from the UCSC table browser. Then, we removed duplicate reads via
Picard MarkDuplicates function and format the STAR outputs into GATK-acceptable style with GATK
SplitNCigarReads function. After that, we filtered out unmapped reads and reads with mapping
quality less than 20 with samtools. Then, indel realignment was conducted by GATK
RealignerTargetCreator and IndelRealigner, and base quality score recalibration was done by GATK
BaseRecalibrator.
2.2.2. Variant calling and filtering

We first apply samtools mpileup function to call the initial variants with a base quality score =
25 and a mapping quality score = 20. Then we removed all known SNPs recorded in dbSNP (hg19

v150, http://www.ncbi.nlm.nih.gov/SNP/), the 1000 Genomes Project

(https://www.internationalgenome.org/) and the University of Washington Exome Sequencing
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Project (http://evs.gs.washington.edu/EVS/). After that, additional filters were used to remove false

positive mismatches, including discarding mismatches in the first 6 bps of each read to avoid artificial
mismatches derived from random-hexamer priming, and for non-Alu regions, removing sites in
simple repeats, discarding intronic candidates located within 4 bp of all known splicing junctions,
removing sites in homopolymer with more than 5 bp, and removing variants in highly similar parts by
BLAST-like alignment tool (BLAT) (Ramaswami, 2013). The non-Alu sites were then separated into
repetitive and non-repetitive (unique) sites. Finally, editing candidate sites with overall coverage =
20 and mutation frequency = 0.1 (An, 2020) were kept for downstream analysis (figure 3B).
2.2.3. ANNOVAR annotation

All editing candidates were then annotated to genes, predicted functional consequence, and
specific mutation site information via ANNOVAR (Wang, 2010). After that, the A-to-G and C-to-T
mutation would be selected independently for easier visualization.
2.3. Alu Editing Index (AEI) calculation

The Alu Editing Index (AEI) is an index reflecting the overall editing level in the Alu region of a
sample. It was defined as the overall edited sites divided by the overall coverage of the Adenosine
sites by Roth in his 2019’s study. His study also showed AEI as a great representative of the overall
RNA-editing level in Alu sites, which is highly correlated with ADAR expression level, while the ADAR
expression itself is sometimes not well-correlated with editing levels. Therefore, here we apply Roth’s
RNAEditingIndexer software to calculate the A-to-l editing value in Alu regions based on the STAR
alignment.
2.4. Selection of differentially edited sites & genes

To filter the significantly differential edited sites between diseases and control groups, we
performed a pairwise t-test comparison of editing frequency in each candidate site. Then all sites
were sorted from the smallest p-value to the largest, and a cutoff of p-value at 0.05 was applied to
filter only significant sites. After that, we count the significant diff-site numbers in each gene or
functional region annotated by ANNOVAR and obtain the overall list.
2.5. GO pathway enrichment

For all the genes selected in the above section, we then undergo GO pathway enrichment by
enrichGO and plotGOgraph function in the R package ‘clusterProfiler with options pvalueCutoff=0.05,
gbalueCutoff=0.1, and ontology of BP.
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2.6. Statistics

Pair-wise t-tests were performed to compare the AEI value between groups, and standard
deviation (sd) was calculated to indicate the diverse level of AEI within a group. Linear regression of
AEI with race, ae, etiology, and sex was done in R Im function. Pearson correlation was conducted

to compare the sample similarity based on site editing frequency.

3. Results
3.1. Bioinformatic analysis of RNA-seq data of human left ventricular presented thousands
of RNA-edited genes.

Through performing the established bioinformatic pipeline to 324 RNA-seq data of human left
ventricular tissue of both cardiomyopathy and healthy control groups, the RNA-editing candidate
sites, together with their overall coverage, mutated coverage, and corresponding editing frequency
were listed for each sample. 33005 different editing sites were found in all samples, and 3268 genes
were annotated of these sites. The sites are located in all 10 functional regions classified in
ANNOVAR, and the specific edited sites vary among samples.

3.2. Overall editing level comparison indicated no difference in AEI and AEI distribution
among all groups.

The AEI value is compared between different etiology, different groups, different sexes, different
ages, and different races, while no significant difference was found in this process. The distribution
range is also similar with a similar standard deviation. The result of the linear regression between
AEIl and etiology, sexes, ages, races also showed no significant contribution of either index,
indicating no significant contribution variables were found (figure 4).

3.3. Intra- and Inter- group correlation suggested complex editing event changes.

To compare the sample similarity and relationship within and among groups, both site edited
frequency-based and gene’s site number-based Pearson correlation among samples were
conducted. Both results showed intra-group and inter-group variation, which indicated complex but
disease-related editing event changes (figure 5). Besides, a separated group of samples with
extremely low AE| was found clustered, but not in high AEI samples (figure 5B).

3.4. Identification of differentially edited sites and genes between disease and control
groups
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After the pairwise t-test comparison of each candidate site, 1491 sites with significantly different
levels of RNA editing frequency were filtered and sorted (P<0.05). All top 10 differential edited sites
showed extremely small confidential intervals (95% Cl), indicating a strong and convincing difference
between the disease group and control group. Meanwhile, 4 of the top 10 sites showed
downregulation of editing level in all three cardiomyopathy etiologies, while the other 6 sites showed
up-regulation (figure 6A, 6B). Besides, 410 genes were annotated to the 1491 significant diff-edited
sites, with the number of diff-edited sites counted for each gene. We ranked the genes from the most
site numbers to the least and analyzed the top 10 genes with the most diff-edited sites, namely
HIF3A, ABHD18, ANKRD2, MRI1, CFLAR, MAVS, CCDC84, CALCOCOQO2, TXNDC15, and MDM4
(figure 6C). Meanwhile, 10 functional regions were also annotated to each site, and more than half
of the diff-edited sites were located in the 3'UTR (figure 6D).

We also apply another calculating method to find the top clustered genes. We first annotated
the editing candidate sites with genes and then count the number of sites in each gene of each
sample. Then, we perform a pairwise t-test comparison between disease and control groups based
on the site counts. Therefore, if the number of editing sites was significantly changed in the disease
group, we believed that there might be changes in RNA editing levels. Based on this method, we
obtain a list of 290 differentially edited genes, and the top 10 genes were visualized with 95% CI.
Although most of the Cls are small, the CI of HIF3A was relatively large, indicating a less confident
result (figure 6E, 6F).

3.5. Gene Ontology (GO) functional enrichment with diff-edited clustered genes

After annotating the 410 site-frequency-based diff-edited genes with Gene Ontology (GO)
pathways, we perform GO functional enrichment of Biological Process (BP) to these genes and
obtain one significantly clustered accession named “translational elongation”, which is defined as
the successive addition of amino acid residues to a nascent polypeptide chain during protein
biosynthesis (GO: 0006414) (figure 7). In specific, a particular gene named EEF2K was identified in
this GO term. However, since the GO enrichment did not consider the significant level of diff-editing
in genes, a result with misleading could happen.

3.6. Site-specific editing frequency comparison in top diff-edited genes
Based on the two methods of diff-editing genes ranking, we took a detailed analysis on the genes

that appeared in both methods and then focus on the genes identified in the site-frequency-based

15



method. In specific, in the top 10 genes, HIF3A, ABHD18, ANKRD2 (top 3 in the editing-frequency-
based method), and CFLAR appeared in both methods, while MRI1, MAVS, CCDC84, CALCOCO2,
TXNDC15, and MDM4 were found in the first method. Results showed that the HIF3A and ANKRD2
have a reduced RNA editing level in the cardiomyopathy group, while increased RNA editing was
found in ABHD18 and CFALR (figure 8). What's more, almost all of the editing sites were found in
introns for HIF3A (75/75), ABHD18 (25/35), and ANKRD2 (31/31), while all editing sites of CFALR
are in the 3’ UTR region (28/28).

4. Discussion
4.1. Complex changes in RNA editing events in disease groups

In figure 4, we identified no significant differences between cardiomyopathy groups and control
groups, as well as other variables including sex, race, and ages. Meanwhile, no significant difference
in distribution width was found as well, indicating a seemly irrelevant relationship between RNA
editing and disease pathogenesis. However, in figure 5 of sample correlations, differences did exist
both between groups and within groups, which suggests a change in the site-specific RNA editing
events. Since previous research has indicated a target-specific and region-specific function in RNA
editing, we inferred that region-specific and location-specific changes in RNA-editing events might
happen in cardiomyopathy groups, and compensative RNA editing regulations might finally resulting
in no difference in the overall Alu editing level.

Meanwhile, a specific subgroup with extremely low AEI values was clustered in the correlation
heatmap (figure 5), indicating a special situation under low AEI situation. Since we are not accessible
to the ADAR expression level, it's hard to verify if these low AEI values are induced by low ADAR
expression. However, based on previous research (Roth, 2019), we hypothesized that if the overall
ADAR expression is low, the RNA editing events tend to be more similar, which also verified the
conclusion that RNA editing events were a major source of genetic variance in human (Dorn, 2019).
4.2. Differential edited genes and their relation to cardiomyopathy

When we considering RNA editing level changes, a strong change would result in significantly
reduced edited site numbers, while a relatively milder change might result in no change in site
numbers, but a significant difference in site editing frequencies. Therefore, in the two methods to get

diff-edited genes, the site-frequency-based method should include the result of the site-number
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based method, which is in accordance with our results that the site-frequency based method
presented twice more genes than the site-number-based method. Therefore, in the following analysis,
we decided to first analyze the genes that appeared in both methods, and then focus on the genes
identified in the site-frequency-based method. In specific, in the top 10 genes, HIF3A, ABHD18,
ANKRD2 (top 3 in the first method), and CFLAR appeared in both methods, while MRI1, MAVS,
CCDC84, CALCOCO2, TXNDC15, and MDM4 were found in the first method.

4.2.1. HIF3A

HIF3A is the gene that encodes the alpha-3 subunit of one of several alpha/beta-subunit
heterodimeric transcription factors of hypoxia-inducible factor (HIF) which is conserved between
humans and mice (Ensembl, 2017). The alpha-3 subunit is considered as a negative regulator of
hypoxia-inducible gene expression (Hara, 2001), since inhibition of HIF3A expression resulted in
increased physical endurance in the rat (Drevytska, 2012). A previous study also indicated a
significant increase of HIF3A expression in failing myocardium as compensation of HIF target gene
overexpression (Zolk, 2008), while in our study, a downregulated RNA editing event was identified
in the failing myocardium group (figure 8A). Meanwhile, frequent interactions between miRNAs, such
as miRNA-1290 (Wu, 2017) and miR-29b (Sun, 2020), and HIF3A expression were found in previous
research as well, indicating an active epitranscriptomic activity in this RNA. Therefore, we
hypothesized that heart failure would induce hypoxia in cardiomyocytes via overexpression of
hypoxia-inducing genes, and to compensate for the overexpression, a series of HIF regulatory
mechanisms would be activated. In specific, the downregulated RNA-editing event in HIF3A’s introns
might modify the alternative splicing of introns and thus expose or cover the miRNA binding sites,
which resulted in downregulated miRNA-induced RNA decay and an increased expression of HIF3A
in the protein level.

Therefore, wet-lab experiments could be performed to verify the functional mechanism. In
general, we could perform ADAR conditional knockout in mice and test the downstream expression
changes in HIF3A and its target genes and regulator miRNAs. And in specific, we could try the
CRISPR-Cas9 system to silence the intron sites of HIF3A to test the corresponding changes in
miRNAs and target genes.

4.2.2. ABHD18

ABHD18 belongs to a family of ABHD gene which encodes the alpha/beta hydrolase domain-
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containing proteins, a family of lipid metabolizing enzymes which are highly evolutionarily conserved.
Research has found ABHD18 with highly variable numbers of Alu repeats, while low Alu repeat
numbers were found to contribute to hepatocellular carcinoma (HCC) pathogenesis (Clifford, 2010).
In our study, the edited level of ABHD18 was upregulated in the disease group (figure 8B), while
most editing sites (25/35) are in introns. This might be caused by changes in Alu repeat numbers
and increased Alu repeats are predicted. However, studied are limited and the physiological and
functional role of ABHD18 with cardiomyopathy requires further investigation.

4.2.3. ANKRD2

The ANKRD2 gene is responsible for encoding the ankyrin repeat domain 2 (ANKRD2) protein,
also named Ankyrin Repeat, PEST sequence and Proline-rich region (ARPP), which is highly
expressed in cardiac muscle, especially the intercalated discs of ventricular regions (Jasnic-Savovic,
2015). The role of ANKRDZ2 in muscles has been intensively studied. It is a strong regulator and co-
factor of several regulatory complexes in cardiomyocytes, which participates in both intercellular and
intracellular communication pathways (Belgrano, 2011). Physically, the muscle-specific
mechanosensory ANKRD2 protein interacts with several transcription regulators, such as p53, YB-
1, and PML (Kojic, 2004), and structural and signaling proteins such as ZASP (Cenni, 2011), calpain-
3 (Hayashi, 2008), and titin (Kojic, 2004), to modify cardiogenesis, myofibrillar assembly and other
muscle-state-decisive activities in response of stretch and stress (Jasnic-Savovic, 2015). Recent
studies showed an upregulation of ANKRD2 gene in human dilated cardiomyopathy (DCM) (Nagueh,
2004), while silencing of Ankrd2 in human muscle cells would induce a series of changes in DCM-
and HCM-involved gene pathways (Belgrano, 2011), indicating an important role of ANKRDZ2 in DCM
pathogenesis. However, the knockout of ANKRDZ2 in mice cardiac muscles showed a normal cardiac
function even under stress-induced cardiac hypertrophy, suggesting some functional differences
between mice and humans.

In our study, significant downregulation of Alu editing levels was found in the cardiomyopathy
group (figure 8C), while all edited sites were in introns (31/31), suggesting a potential alteration in
splicing sites which might result in improvement of RNA stability or suppression of RNA decay.
Therefore, overexpression of ANKRD2 protein could be found in the disease. To investigate the
specific effect of RNA editing in the ANKRD2 expression, lab interventional experiments such as

ADAR conditional knockout or CRISPR-Cas9 site-specific ADAR-like editing to retrieve the RNA
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editing level could be applied.
4.2.4. CFLAR

The CASP8 and Fas-associated protein with death domain-like apoptosis regulator (CFLAR),
encoded by CFLAR gene, is a negative regulator of cell apoptosis with similar structures to apoptosis
initiating protein caspase-8 (Wang, 2017). Therefore, CFLAR acts as the inhibitor of caspase-8 to
regulate the downstream apoptosis cascading pathways. Previous studies mainly focused on the
effect of CFLAR in cancer cells, while one research also indicated a significant downregulation of
CFLAR mRNA expression, together with activation of a group of apoptosis inhibitors, in failing hearts
(Haider, 2009). Therefore, it is possible that apoptosis would be induced in cardiomyopathy by
CFLAR downregulation, although the downstream apoptosis pathway is interrupted by other
apoptosis inhibitors. With the disease progress, the apoptosis might be strengthened, thus regulating
CFLAR could be a possible way to release the apoptosis.

In our study, upregulation of CFLAR editing levels was found in the disease group, while all 28
diff-edited sites were placed in 3’ UTR, which is a frequent binding region to miRNA. Together with
a previous study which indicated an interaction between miR-20a and CFLAR to regulate the
hepatocellular carcinoma apoptosis, we hypothesized that the upregulation of RNA editing in CFLAR
might affect the miRNA binding and thus resulted in decreased CFLAR expression. Thus the risk of
cardiomyocyte apoptosis might be increased in failure hearts. However, since few researches
focused on the CFLAR in cardiomyopathy, the interpretation and verification should be more careful.

In conclusion, we analyzed four genes with the most significantly modified RNA editing events
in the Alu repeats, and all of them showed different functional potentials in disease pathogenesis.
Compare to the HIF3A which might be compensation in disease pathogenesis, ANKRD2 and CFLAR
presented a role directly related to pathogenesis. Meanwhile, all RNA editing changes showed an
opposite regulation in mRNA expression, suggesting a potential of RNA editing in RNA decay. The
ANKRD2 worth particular attention since it is expressed specifically in muscle, and the potential
therapeutic function could be considered.

4.3. Most differential editing sites in the 3’'UTR functional region

Among all the differential editing sites, more than half were found located in the 3'UTR region of

a gene (Figure 6D), indicating a frequent interaction between miRNA and RNA editing events.

Besides, in the four analyzed top modified genes, two of them (HIF3A, CFLAR) were verified with
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miRNA interaction in previous studies. It was thus possible that the ADAR-induced RNA-editing might
have some interaction with miRNA binding, such as co-factors for miRNA recruiting and binding.
Therefore, it worth further investigation into the potential role of ADAR in miRNA site recognition. To
verify the miRNA binding activity in the 3’'UTR edited genes, we could link the genes to miRNAs in
miRNA-target databases (both verified and predicted) and calculate the number of genes that are
bindable to miRNAs. Therefore, a comprehensive comparison between miRNA and RNA editing
could be performed.

4.4. Current limitation and future improvement

In this study, we identify no significant difference in AEIl between groups while intra-group
differences did exist. Since we lack the identification method for actual ADAR expression, it is
relatively uncertain whether a similar editing level would be found in samples with different ADAR
expression levels. Itis possible to conduct traditional RNA seq differential expression analysis based
on the overall RNAseq data, although it might be relatively difficult to filter out the noises of
recognizing poly-A ended RNA sequence from the overall RNAseq.

Besides, currently, we did a simple comparison based on diff-edited level, which might include
some unimportant editing sites. Since we have a relatively large dataset, we could also try to perform
machine learning, such as Support Vector Machine (SVM) or Random Forest (RF) to select the
featured editing sites and genes.

What’s more, the current RNA-editing pipeline requires relatively large core numbers and storage
of Linux servers. Therefore, a simplification and improvement in the current bioinformatics pipeline,
such as evaluating the RNAseq quality before running and exclude some steps if the quality reaches
the requirement. A more integrative pipeline could also be built to include both RNA editing detection
and transcriptome expression evaluation functions, with which we could save time for repetitive

calculation.

5. Conclusion

In this research, we established a bioinformatic pipeline to identify RNA editing sites from
RNAseq data alone, and samples of human left ventricular between cardiomyopathy patients and
healthy donors were compared for their A-to-I RNA editing sites and levels in the Alu repeats. As a

result, we identify 410 diff-edited genes with 1491 diff-edited sites, among which HIF3A, ABHD18,
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ANKRD2, and CFLAR lie in the top diff-edited genes. In specific, HIF3A, ANKRD2, and CFLAR have
been shown correlated with cardiomyopathy before, and ANKRD?2 is particularly closely related to
cardiomyopathy due to its muscle-specific expression and function. So far, our study is the first
comprehensive RNA editing analysis done in the human heart, which could provide new insight into

the epitranscriptomic field of CVDs and give valuable clues to the new field development.

(Word count: 4986)
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Figure 1. Mechanism of RNA editing event in double-strand RNAs (Christofi, 2019)
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In the two major types of RNA editing, the specific family of deaminase (a: APOBEC, b: ADAR)
could recognize the adenosine (A) or cytidine (C) site in the double-strand RNA (dsRNA) and then
deaminate them into Inosine (1) or uridine (U), which change the translated amino acid type and thus
results in protein structural and functional changes. The corresponding cellular activities are thus

altered.
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Figure 2. RNA-type dependent RNA-editing functions (Christofi, 2019)
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The functional roles of RNA editing vary in different RNA types. Top: change in RNA structure

and modification in RNA stability due to RNA editing in non-coding sites. Bottom: Alteration in miRNA

binding and decay due to RNA editing in 3’'UTR or miRNA. Left: New protein isoforms introduced by

RNA editing in introns. Right: changes in amino acids in mRNA translation due to exon editing.
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Figure 3. Bioinformatic pipeline for RNA editing site detection from RNAseq data alone

(adopted from Ramaswami, 2012)
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Detailed workflow for RNA editing detection pipeline. A. The overall workflow for RNA editing

identification from RNAseq data. B. The specific filtering options during candidate selection.
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Figure 4. Overall comparison of editing levels
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Residual standard error: ©.03473 on 317 degrees of freedom

Multiple R-squared:
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No significant difference in AEI between groups. A. Boxplot of AE| values between control and

three cardiomyopathy etiologies (ECM, HCM, PPCM), no significant difference was identified by pair-

wise t-test between either groups. B. Boxplot of AEI values between control and disease groups,

males and females, and Caucasian and African American. C. Distributional difference among

different age groups. The top is the line chart of mean AEI of each age interval, the error bars are

standard deviation (sd) of each group. Violin plots and dot plots were also applied for distribution

analysis. No significant difference or tendency was found. D. linear regression with calling of AEI ~

race + age + etiology + sex. No significantly involved variables were found.

32



Figure 5. Intra-group and inter-group variation in sample correlations
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Sample variation within and between groups was found with different clusters. A. Correlation
heatmap of four groups based on the editing site frequency (33005 sites in total for each sample).
Sample clustered within each etiology group. B. Correlation heatmap of editing site frequency sorted
by AEI value. The AEI value of each sample is listed on the right. A unique cluster of samples was
found in the low AEI group. C. Correlation heatmap of four etiology groups based on the number of
editing sites of each gene (3268 genes in total for each sample). Sample clustered within each

etiology group D. Gene-based correlation heatmap of disease and control groups.
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Figure 6. Differential analysis of edited sites and genes between groups
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Top 10 sites and genes filtered through different methods. A. Editing frequency of top 10
differentially edited sites in four etiology groups. Pairwise t-tests of site editing frequency were
performed as a ranking standard. B. 95% Confidential interval for top 10 diff-edited sites. C. Number
of diff-edited sites of top 10 clustered genes with most diff-edited sites. D. Number of diff-edited sites
in 10 functional regions. E. Top 10 diff-edited genes based on the difference in the number of editing
candidate sites. The y axis is the mean number of edited sites of each etiology group. F. 95%

Confidential Interval (Cl) of top 10 count-based diff-edited genes.
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Figure 7. GO functional enrichment with significant diff-edited genes

Accession: GO:0006414

% Name: translational elongation
Ontology: biological_process
‘Q Definition: The successive addition of amino acid
residues to a nascent polypeptide chain during
C& %Pp protein biosynthesis. Source: GOC:ems
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The Gene Ontology (GO) Biological Process (BP) enrichment of 410 genes with diff-edited sites
showed a significantly clustered GO term of translational elongation (11/124). The pdf version of the

GO enrichment graph is attached independently due to the image resolution limitation in word.
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Figure 8. Site-based editing frequency of top differentially edited genes
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The mean editing frequency of all diff-edited sites in HIF3A (A), ABHD18 (B), ANKRD2 (C),

CFLAR (D) gene. Downregulation of RNA editing level in disease group was found in HIF3A and

ANKRD2, while upregulation of RNA editing level in disease group was found in ABHD18 and CFLAR.
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