Genetic variation and microRNA targeting of A-to-I RNA
editing fine tune human tissue transcriptomes
Eddie Park,1 Yan Jiang,2 Lili Hao,3 Jingyi Hui,2 Yi Xing1,4,5
1 Center for Computational and Genomic Medicine, The Children’s Hospital of Philadelphia, Philadelphia, PA 19104, USA. 2 State Key Laboratory of Molecular Biology, Center for Excellence in Molecular Cell Science, Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences, University of Chinese Academy of Sciences, Shanghai
200031, China. 3 National Genomics Data Center & BIG Data Center & CAS Key Laboratory of Genome Sciences and Information, Beijing Institute of Genomics, Chinese Academy of Sciences, Beijing 100101, China. 4 Department of Pathology and Laboratory Medicine, University of Pennsylvania, Philadelphia, PA 19104, USA. 5 Department of Microbiology,
Immunology & Molecular Genetics, University of California, Los Angeles, Los Angeles, CA 90095, USA.

Abstract
A-to-I RNA editing is a biological process in which
adenosines in RNA molecules are deaminated to inosines.
This process diversifies the transcriptome and has multiple
downstream functional effects. Genetic variation
contributes to RNA editing variability between individuals
and has the potential to impact phenotypic variability. Here,
we analyzed matched genetic and transcriptomic data in
49 tissues across 437 individuals to identify RNA editing
events that are associated with genetic variation. Using an
RNA editing quantitative trait loci (edQTL) mapping
approach, we identify 3,117 unique RNA editing events
associated with a cis genetic polymorphism. 408 (13%) of
these edQTL events are also associated with genetic
variation in their gene expression. We find that certain
microRNAs are able to differentiate between the edited
and unedited isoforms of their targets. Furthermore, we
find that microRNAs can generate an expression
quantitative trait loci (eQTL) signal from an edQTL locus by
microRNA-mediated transcript degradation in an editingspecific manner. A subset of these events are associated
with genome-wide association study (GWAS) signals of
complex traits or diseases. Taken together, our work
suggests a mechanism in which RNA editing variability can
influence the phenotypes of complex traits and diseases by
altering the stability and steady-state level of critical RNA
molecules.

Overview of available data

Cis variation of RNA editing identified by edQTL and
ASED analysis

(A) Quantile-quantile plot (qq-plot) testing association of RNA editing levels with cis genetic polymorphisms across 49 tissues. Black line
indicates values for which the observed p-value is equal to the expected p-value. (B) Scatter plot of the number of edQTL sites vs sample
size across the 49 tissues. (C) Histograms of the number of edQTL sites (left) and ASED sites (right) across all tissues. Tissues are sorted
by the number of edQTL sites. (D) Example of an edQTL site in the FAM129A gene. Box plots show the significant association of rs492126
with the editing level (Φ) at chr1:184761188 within the whole blood. Each dot represents data from a particular individual. The dashed red
line represents a linear fit of the data. (E) Example of allele-specific RNA editing in the FAM129A gene. ASED analysis identifies RNA
editing site chr1:184761188 with respect to heterozygous SNP rs492126. For each heterozygous individual (y-axis), blue and red points
indicate editing levels for each allele (x-axis). Error bars represent likelihood-ratio test-based 95% confidence intervals of RNA editing
levels inferred from allele-specific read counts. Average allelic Φ values are shown in parentheses.

Tissue-specific edQTL signals

Steady-state transcript levels regulated by RNA
editing and miRNA mediated transcript degradation

Identification of miRNAs linking edQTL, eQTL, and
GWAS signals

(A) Histograms of the number of differential RNA editing sites induced by miRNA perturbation. The numbers of sites with a significant
decrease in RNA editing level are plotted on the left while the numbers of sites with a significant increase in RNA editing level are plotted
on the right. The vertical axis labels indicate the cell line, miRNA, and the type of perturbation (KD = knockdown, OE =
overexpression). (B) Example of differential RNA editing sites induced by miRNA perturbation (miR-138-5p knockdown in ND-MSC cells).
Horizontal red line indicates 5% FDR. Two vertical red lines indicate a change in RNA editing level of -5% and 5%. The red dot represents
the RNA editing site at chr19:10462087 in the TYK2 gene. (C) RNA editing level at chr19:10462087 in the TYK2 gene upon miR-138
knockdown in ND-MSC cells. Three replicates of knockdown and three replicates of control are shown. (D) Cis-regulated RNA editing at
chr19:10462087 is associated with cis-regulated gene expression of the TYK2 gene and immune system related GWAS traits. Box plots
show the significant association of rs11085725 with the editing level (Φ) at chr19:10462087 and gene expression level of the TYK2 gene
within the whole blood (top). Each dot represents data from a particular individual. An example of a whole blood RNA-seq alignment is
shown along with gene annotations (RefSeq), annotated ALU elements, annotated RNA editing sites, edQTL SNPs for chr19:10462087,
and GWAS SNPs (middle). LD plot (bottom) shows GWAS SNPs (green) linked with the edQTL SNP (purple) in TYK2. (E) edQTL and
eQTL signals of the TYK2 gene colocalize with GWAS signals for neutrophil percentage of white blood cells and systemic lupus
erythematosus. Manhattan plots for RNA editing, gene expression, and two GWAS traits are shown (top). Bar plot shows colocalization
posterior probabilities between edQTL, eQTL, and GWAS signals (bottom).

Identifying miRNA-mediated edQTL:eQTL events
(A) edQTL signals in the DHFR gene for LCL, fibroblasts, and spinal cord. Box plots show the significant association of rs1650720 with the
editing level (Φ) at chr5:79923430. Each dot represents data from a particular individual. edQTL p-values are shown in parentheses. The
dashed blue curve represents a quadratic fit of the data while the dashed red line represents a linear fit of the homozygous individuals. (B)
Non-linearity of edQTL signals measured by the difference between the centers of the quadratic fit (dashed blue curve ) and the linear fit
using the homozygous individuals (dashed red line). (C) Box plots of the relative levels of miR-125a-3p inferred from RNA-seq data. (D)
DHFR eQTL signal. Box plots show the significant association of rs1650720 with the normalized DHFR gene expression level. Each dot
represents data from a particular individual. The dashed red line represents a linear fit of the data. (E, F) Manhattan plots showing the
−log10(p-value) for RNA editing edQTL (E) and gene expression eQTL (F) in a 400kb window centered at the RNA editing site. (G) Scatter
plot of -log10(p-value) from edQTL and eQTL signals suggests colocalization of RNA editing variation and gene expression variation.
Colocalization posterior probabilities are shown in parentheses. (H, I) Simulation of edQTL and eQTL signals with no miRNA effect on
transcript degradation (H) and with an 80% miRNA effect on degradation of unedited transcripts (I). A schematic illustration and
corresponding bar plot show the simulated levels of unedited (green) and edited (blue) transcripts across three genotypes (top). Simulated
RNA editing levels and gene expression levels across three genotypes are plotted (bottom). In the edQTL plots, the dashed blue curve
represents a quadratic fit of the data while the dashed red line represents a linear fit of the homozygous individuals. In the eQTL plots, the
dashed red line represents a linear fit of the data.

Colocalization analysis between edQTL, eQTL, and
GWAS signals of the FADS1 gene

(A) Flowchart of analysis. Each edQTL site was required to have at least one tissue with colocalizing edQTL and eQTL signals (PP4 >
0.75), at least one tissue with non-colocalizing edQTL and eQTL signals (PP1 > 0.75), be in the 3’UTR, and have an editing-specific
miRNA which is differentially expressed between the colocalizing and non-colocalizing tissues.(B) Example of an edQTL event with
colocalizing edQTL and eQTL signals in skin (not sun exposed) (left) while having noncolocalizing edQTL and eQTL signals in the
Cerebellum (right). Manhattan plots for edQTL (top) and eQTL (middle) show the presence and absence of signal colocalization. Scatter
plots of -log10(p-value) from edQTL and eQTL signals (bottom) show the presence and absence of colocalization. Colocalization posterior
probabilities are shown in parentheses.(C) Differential expression of editing-specific miRNA (miR-26b-5p). Tissues expressing high levels
of the miRNA have colocalizing edQTL and eQTL signals. Tissues expressing low levels of the miRNA do not have colocalizing edQTL and
eQTL signals.(D) Experimental validation of miRNA-mediated edQTL:eQTL events. Diagram of the 3’UTR reporter vector using plasmids
containing 3’UTR fragments with the edQTL RNA editing site (top). mRNA levels measured by qPCR of tested of UTR constructs in the
presence of editing-specific miRNAs (left). Each column represents the mean ± SD of three independent experiments. * p<0.05, ** p<0.01.
Diagram indicating the editing-specific binding preferences of miRNAs to unedited vs edited UTR sequences (right). Guanine was used in
place of inosine to simulate an edited transcript.

Schematic model linking edQTLs to eQTLs and
complex traits

(A) Heatmap of available datasets. Rows represent tissues and columns represent individuals. Available datasets are in red and
unavailable datasets are in blue. Anatomograms on the right are color-coded to correspond to the available tissues. Anatomograms and
the color-coding scheme were obtained from the GTEx portal. (B) Bar plot of the number of available genotyped samples for each
analyzed tissue. Tissues are sorted by the number of available genotyped samples. (C) Line plot of the number of available tissues per
individual. Individuals are sorted by the number of available tissues. (D) Distribution of RNA editing levels (Φ) within whole blood. Box plots
show RNA editing levels of 4,815 sites across 345 individuals, with one box plot per site. Sites are sorted by the median Φ value on the xaxis. The interquartile ranges for each box plot are represented in orange and the medians are in white. Dark gray lines represent the
whiskers of the box plots. Outliers are excluded for clarity.
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(A) Example of a tissue-specific edQTL site with small effect size in skeletal muscle. Box plots show the association of rs1138054 with the
editing level (Φ) at chr8:30535980 in GSR within the nucleus accumbens (left) and skeletal muscle (right). Each dot represents data from a
particular individual. The dashed red line represents a linear fit of the data. (B) Low ADAR expression level in skeletal muscle correlates
with small edQTL effect size. Bar plot (left) shows effect sizes of the association of rs1138054 with the editing level (Φ) at chr8:30535980
in GSR across 49 tissues. Box plot (right) shows ADAR expression level across 49 tissues, with outliers removed for clarity. Three tissues
with smallest effect size and lowest ADAR expression level are highlighted. (C) Heatmap of edQTL effect sizes for 227 RNA editing sites
(rows) across 49 tissues (columns). Only RNA editing sites with sufficient coverage to pass filters and compute an effect size across all
49 tissues are included in the plot. The RNA editing site in GSR as described in (A, B) is indicated with the arrow. (D) Heatmap of edQTL
effect sizes for 77 RNA editing sites (rows) with large variation in edQTL effect sizes (|Coefficient of variation| ≥ 1) across 49 tissues
(columns). Only RNA editing sites with sufficient coverage to pass filters and compute an effect size across all 49 tissues are included in
the plot. The RNA editing site in RABGEF1 as described in (E, F) is indicated with the arrow. (E) Example of a tissue-specific edQTL site
with small effect size in whole blood. Box plots show the association of rs2707852 with the editing level (Φ) at chr7:66205046 in RABGEF1
within the tibial artery (left) and whole blood (right). Each dot represents data from a particular individual. The dashed red line represents a
linear fit of the data. (F) Tissues with high ADARB1 expression level have a tissue-specific set of edQTL sites. Bar plot (left) shows effect
sizes of the association of rs2707852 with the editing level (Φ) at chr7:66205046 in RABGEF1 across 49 tissues. Box plot (right) shows
ADARB1 expression level across 49 tissues, with outliers removed for clarity. Tissues with largest effect size and highest ADARB1
expression level are highlighted.

Schematic model of the regulatory mechanism in which interactions between RNA editing and miRNA-mediated transcript degradation can
alter steady-state transcript levels, thus linking genomic variants with complex traits.
In summary, our work shows how RNA editing can play a mechanistic role in linking genotype to phenotype. Furthermore, it highlights how
genetic variation can drive complex molecular interactions in the transcriptome.
(A) Box plots show the significant association of rs174544 with the editing level (Φ) at chr11:61567758 and gene expression level of the
FADS1 gene within the tibial artery (top). Each dot represents data from a particular individual. An example of a tibial artery RNA-seq
alignment is shown along with gene annotations (RefSeq), annotated ALU elements, annotated RNA editing sites, edQTL SNPs for
chr11:61567758, and GWAS SNPs (middle). LD plot (bottom) shows GWAS SNPs (green) linked with edQTL SNPs (purple) in FADS1. For
clarity, the GWAS traits (HDL, LDL, total cholesterol, and triglycerides) identified by (Hoffmann et al 2018) are displayed. (B) edQTL and
eQTL signals of the FADS1 gene colocalize with GWAS signals for blood lipid levels. Manhattan plots for total cholesterol, gene
expression, and RNA editing are shown (top). Bar plot shows colocalization posterior probabilities between edQTL, eQTL, and GWAS
signals (bottom).
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