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ABSTRACT

Upon SARS-CoV-2 infection, viral intermediates
specifically activate the IFN response through MDA5-
mediated sensing and accordingly induce ADAR1
p150 expression, which might lead to viral A-to-l RNA
editing. Here, we developed an RNA virus-specific
editing identification pipeline, surveyed 7622 RNA-
seq data from diverse types of samples infected with
SARS-CoV-2, and constructed an atlas of A-to-l RNA
editing sites in SARS-CoV-2. We found that A-to-I
editing was dynamically regulated, varied between
tissue and cell types, and was correlated with the
intensity of innate immune response. On average,
91 editing events were deposited at viral dsRNA in-
termediates per sample. Moreover, editing hotspots
were observed, including recoding sites in the spike
gene that affect viral infectivity and antigenicity. Fi-
nally, we provided evidence that RNA editing accel-
erated SARS-CoV-2 evolution in humans during the
epidemic. Our study highlights the ability of SARS-
CoV-2 to hijack components of the host antiviral ma-
chinery to edit its genome and fuel its evolution, and
also provides a framework and resource for studying
viral RNA editing.

INTRODUCTION

SARS-CoV-2, a positive-sense single-stranded RNA ((+)ss-
RNA) virus, emerged in late 2019 and expanded globally, re-
sulting in over 82 million confirmed cases by the end of 2020
(1,2). Given the continuing spread of SARS-CoV-2 and the
rise of new variants of concern (3-6), it is of vital impor-
tance to understand the sources of mutations and the prin-
ciples of their accumulation in SARS-CoV-2. SARS-CoV-2
has complex processes of replication and transcription facil-

itated by the replication-transcription complex with RNA-
dependent RNA polymerase (RdRp) activity (7). Negative-
strand RNAs are synthesized by RdRp starting from
the 3’ end of positive genomic RNAs ((+)gRNAs), from
which continuous synthesis generates full-length (-)gRNAs,
whereas discontinuous jumping produces negative subge-
nomic RNAs ((—)sgRNAs). (+)gRNA and (+)sgRNA pro-
genies are then synthesized using these negative-strand
RNA intermediates as templates. During these processes,
viral substitutions are produced from two types of sources.
The first type is substitutions introduced by replication er-
ror. SARS-CoV-2 acquires such substitutions slowly as the
result of a proofreading RdRp (8), and the rate is estimated
to be ~3 x 107 per infection cycle (9). The second type
is substitutions introduced by host immune response fac-
tors, such as cytidine to uridine (C-to-U) and adenosine to
inosine (A-to-I) RNA editing mediated by APOBEC and
ADAR deaminases that target sSRNA and dsRNA sub-
strates, respectively.

In this study, we focused on ADAR-mediated A-to-I
RNA editing (10,11) and aimed to investigate its occurrence
and impacts on SARS-CoV-2 characteristics and evolution.
ADARSs are a family of dsSRNA binding enzymes present in
animals that deaminate A-to-I in dsSRNA. There are three
mammalian ADAR proteins: ADARI, -2 and -3, and only
ADARI1 and ADAR?2 demonstrate editing activity. ADAR1
is widely expressed and is present as a predominantly nu-
clear, constitutive ADAR1 p110 isoform expressed in all
tissues. It also has an additional IFN-inducible ADARI1
p150 isoform that is found in both the nucleus and the cy-
toplasm (12). ADAR1 p150 isoform has a key role in sup-
pressing IFN signaling and plays an important role during
viral infections (13-15). ADAR2 is most highly expressed
in the brain and is localized exclusively in the nucleus (16).
Recent studies found that MDAS is the major sensor in-
volved in sensing SARS-CoV-2 infection, and viral inter-
mediates specifically activate the IFN response through
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MDA S5-mediated sensing (17-19). The IFN response may
further induce cytoplasmic expression of ADAR1 p150 iso-
form (12), which leads to A-to-I RNA editing of SARS-
CoV-2.

To identify A-to-I RNA editing sites genome-wide, nu-
merous approaches were developed recently built upon
bioinformatic analyses and high-throughput sequencing
methods. Editing sites show up when a sequence is mapped
to the genome: while the unedited sequence reads A, se-
quencing identifies the inosine in the edited site as guano-
sine (G), thus A-to-G variants are indicative of A-to-I edit-
ing sites. Although signatures of ADAR activity have been
previously inferred in the consensus genome sequences of
various RNA viruses (20), including SARS-CoV-2 (21),
such inferences were indirect and unconvincing. To date, vi-
ral A-to-I editing has not been directly detected within the
infected individuals by high-throughput sequencing, due to
technical difficulty. A-to-I RNA editing of RNA viruses
may regulate viral biology in two ways. First, viral editing
within the infected individual may affect viral characteris-
tics and virus-host interaction. In this case, we would ex-
pect that editing events need to achieve a certain level. For
example, at least a 5% level, for proper function. Second,
viral editing as a possible source of mutations can fuel viral
evolution during transmission. In this case, it is similar to
the process in which newly emerged variants introduced by
replication error are fixed at the point of transmission and
fuel the evolution of RNA viruses (22,23). Even the sites
with extremely low-level editing might contribute to viral
evolution during viral spread.

MATERIALS AND METHODS
The SARS-CoV-2 reference genome sequence

We used the complete genome sequence SARS-CoV-
2 Wuhan-Hu-1 strain (Accession NC_045512, Version
NC_045512.2) as the reference genome.

RNA-seq data collection

RNA-seq data were downloaded from NIH SARS-CoV-
2 resource website (https://www.ncbi.nlm.nih.gov/sars-cov-
2/). A list of sample IDs is shown in Supplementary Table
S1. We only collected data generated using Illumina, Ion
Torrent, and BGI platform.

Mapping of RNA-seq reads

We first trimmed adapters and low-quality bases using cu-
tadapt (24). Next, reads were trimmed to 60-80 nt, and
reads with a length <60 nt were discarded. The cleaned
reads were mapped to the reference sequence using BWA
(25) aln (bwa aln -t 20) and mem (bwa mem -M -t 20 -
k 50). The unmapped reads were extracted for editing site
calling.

Calling of putative RNA editing sites

To realign reads with a cluster of mismatches caused by A-
to-G editing, we transformed every A to G in both the un-
mapped reads and the viral reference genome. We aligned

the transformed reads to the transformed genome, again
using BWA aln (bwa aln -t 5 -n 2 -0 0). The original (four-
letter) sequences of the reads that aligned (after the trans-
formation) were recovered, and RNA variants between the
reads and the reference genome were examined. For multi-
ple mapped reads, only the best hits were retained. Next, we
grouped RNA variants into three categories: (1) A-to-G/T-
to-C sites with quality > 30 as edited sites (labeled as*’), (2)
A-to-G/T-to-C sites with quality <30 as low-quality sites
(labeled as ‘—’), (3) non-A-to-G/T-to-C sites as mismatch
sites (labeled as ‘x’). To identify edited reads, we specifically
required that the reads had a minimum number of edited
sites >4 (one-step read, with either A-to-G or T-to-C sites
in a read) or 5 (two-step read, with both A-to-G and T-to-C
sites in a read). We also excluded putative misaligned reads
matching any of the criteria below: a, >3 */x/- sites at the
end (5 nt); b, read end in a homopolymer runs of >3 nt
and with > 2 */x/-sites; ¢, > 3 continuously edited sites; d,
** /x/-/ sites within the flanking 2-nt sequences of an edited
site; e, >3 edited sites in dinucleotide repeat sequences (>3);
f, * site in homopolymer runs of >5 bp. Last, we required
that the reads had no more than 2, 1 or 0 mismatch and
low-quality sites. To achieve high accuracy in calling A-to-
G editing sites without a substantial reduction in sensitivity,
we chose a cutoff (from 2 to 0) that satisfies the edited sam-
ple requirement (edited read count > 5, A-to-G/T-to-C per-
centage > 80% and edited site number > 10). For individ-
ual editing site calling, we removed sites with editing level
>0.95, which were unlikely introduced by an RNA editing
mechanism.

To determine the specificity of our pipeline, we repeated it
when searching for other types of variant sites (e.g. A-to-C,
G-to-A, and so on), which involved modifying the trans-
formation and the definition of the editing mismatches ac-
cordingly, but was otherwise identical to the A-to-G screen.
There are 12 possible single-nucleotide mismatches. How-
ever, since the RNA-seq reads could be either sense or an-
tisense, we could not distinguish between a given mismatch
and its complementary one. We therefore reported results
for six categories of variant types.

RNA variant calling via the conventional editing identifica-
tion pipeline

We used a widely used pipeline for conventional RNA vari-
ant calling (26). In brief, we mapped cleaned reads to the ref-
erence genome via BWA as above. Next, we removed identi-
cal reads (PCR duplicates). Then, we inspected all positions
that showed variation in the RNA using samtools (Version:
1.2) mpileup. We only took variant positions in the RNA
into consideration if they conformed to our requirements
for the number and quality of bases that vary from the ref-
erence genome. We specifically required that each variant
was supported by three or more variant bases having a base
quality score >30. To avoid false positives at the 5’ read ends
due to random-hexamer priming, we truncated the first 6
bases of each read. We also removed RNA editing candi-
dates if they were located in regions of high similarity to
other parts of the genome.


https://www.ncbi.nlm.nih.gov/sars-cov-2/

Editing level quantification

We first merged the bam file containing clustered read map-
ping results with the bam file containing the mapped reads.
Next, we inspected all editing positions using samtools for
editing level quantification. We required that the minimal
base quality was 30, and only sites covered by at least 30
reads were retained.

Editing index analysis

617 nasopharyngeal swab samples from the New York City
metropolitan area during the COVID-19 outbreak in spring
2020 (27) were used for analysis. For each sample, the edit-
ing index was defined as the number of edited viral reads di-
vided by the total number of viral reads. Only reads with the
number of mismatch and low-quality A-to-G/T-to-C sites
<2 were considered as edited reads.

Gene expression level quantification

TPM (transcripts per million) was used to represent
ADARI1 and MDAS (IFIHI gene) expression. Reads were
mapped to the human reference genome GRCh38 using
Hisat2 (Version 2.0.4) (28) with default parameters. Then,
StringTie (Version v1.3.0) (29) was used to calculate the
TPM values with default parameters.

Spike protein recoding site analysis

The effects of recoding sites in spike protein on RBD ex-
pression and ACE2 binding were measured based on deep
mutational scanning data (30). The effects of recoding sites
in spike protein on viral infectivity and antigenicity were
measured based on the high-throughput pseudovirus assay
(31).

To examine the overlaps between recoding editing sites
in spike protein and variants of concern, we downloaded
variant watch lists using the GISAID ‘Emerging Variants’
portal.

Cloning and transfection of SARS-CoV-2 spike gene variants

We selected seven recoding editing hotspots located in the
NTD and generated mutants with individual editing sites.
As negative and positive controls, we generated wild type
spike gene and a deletion mutant that is known to affect the
binding of a neutralizing antibody targeting the NTD (32).
Vero E6 cells were plated on polylysine-treated coverslips in
six-well plates. After 24 h, cells were transiently transfected
with 2 pg plasmids individually using Lipofectamine 3000
(Thermo Fisher Scientific, cat. no. L3000015) following the
manufacturer’s protocol.

Indirect immunofluorescence assay

Indirect immunofluorescence was performed as previously
reported (32). In brief, 36 h after transfection, coverslips
were washed three times with PBS, fixed with 4% (w/v)
paraformaldehyde in PBS for 10 min at room temperature,
rinsed three times with PBS, and permeabilized with 0.1%
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(v/v) Triton-X100 (Sigma) in PBS for 15 min at room tem-
perature. Next, 1 ml 1% BSA/PBS was added to the cov-
erslips for 30 min at room temperature to block unspe-
cific binding of antibodies. Primary antibodies (rabbit anti-
SARS-CoV-2 spike protein monoclonal antibody, 40150-
R007, Sino Biological, 1/100 dilution; human anti-SARS-
CoV-2 4A8 monoclonal antibody, CPC514A, Cell Sciences,
1/100 dilution in PBS with 1% BSA) were added and incu-
bated at 4°C overnight. Coverslips were washed with PBS
three times, and secondary antibodies (Goat anti-Rabbit
Alexa Fluor Plus 555 Invitrogen, and Goat anti-Human
Alexa Fluor 488, Invitrogen, 1/400 dilution in PBS with
1% BSA) were added and incubated at room temperature
for 1 h. Coverslips were washed with PBS three times and
counterstained with DAPI (Invitrogen). Immunofluores-
cence images were acquired with a Leica SP8 X Confocal
Microscope (Lecia) using LAS X software.

RNA structure analysis

The in vivo structure of SARS-CoV-2 was obtained from
a previous study (33). For each nucleotide of the genome,
an icSHAPE reactivity score between 0 and 1 for each nu-
cleotide was obtained, with a higher score indicating that a
nucleotide is more likely single-stranded.

Protein structure illustration

The spike protein sequence diagram was created by IBS
1.0.3 (34). Spike protein crystallization data were from
Zhou et al. (35) (PDB: 7KNE). Structure visualization and
variant annotation were performed with PyMOL (http://
www.pymol.org/).

Motif discovery

For each RNA variant, the flanking sequence of each site
was extracted from the reference genome. Motif logos were
plotted with WebLogo v.3.7 (36).

GISAID sequence analysis

Sequences were obtained from the GISAID database (37).
Our dataset was composed of 827074 SARS-CoV-2 se-
quences collected and deposited between 1 December 2019
and 22 March 2021. All GISAID sequences were fist
aligned to NC_045512.2 using blast (blastn -strand plus
-num_threads 20 -line_length 300000 -perc_identity 80).
Since RNA editing sites present in the (+)gRNAs were most
likely fixed during transmission, we only used A-to-G edit-
ing sites identified in human tissue samples for analysis. For
analysis in Figure 5A, in all editing positions, we scanned
A-to-G or A-to-C mutation clusters (from two sites to six
sites) using a 60-, 80- or 100-nt sliding window. Next, the
enrichment was defined as the number of clusters with A-
to-G mutations divided by that with A-to-C mutations. For
analysis in Figure 5B, we randomly selected the same num-
ber of uneditable A positions with GAN or CAN motif that
were unfavored by ADAR and scanned A-to-G mutation
clusters as we did for editable A positions. We repeated the
random sampling processes 1000 times and calculated the
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Figure 1. Development and verification of our computational pipeline. (A) Schematic diagram of variants that occur in each RNA and are indicative of
A-to-I editing. The presence of A-to-I editing sites in the different viral species (+ strand genome, - strand RdRp products) will appear as A-to-G and
T-to-C mismatches during variant calling. (B) The viral load in each sample. In this dataset, Caco-2 and Calu-3 cells were infected with SARS-CoV-2, and
poly A RNA-seq and/or total RNA-seq were performed for samples collected from different time points after infection. For each infection time point,
two replicates were performed. Data were from PRINA625518. (C) Percentage of all 12 mismatch types called using the conventional pipeline. No RNA
variants were identified in Caco-2 sample collected 4h after SARS-CoV-2 infection because of the low viral load. Different mismatch types are indicated
by different colors. (D) The nucleotides neighboring the detected A-to-G/T-to-C RNA variant sites called using the conventional pipeline. The reverse
complements of the triplets of T-to-C variants were combined with the triplets of A-to-G sites for analysis. For the two types of cells in panel C, sites
identified at different time points were combined for analysis. (E) Percentage of all 12 mismatch types called using our RNA virus-specific pipeline. Total
RNA samples from Calu-3 cells were used for analysis because they had the highest viral load. The editing sites called before and after the edited read
filtering step were analyzed, respectively. The color codes for different mismatch types are the same as in C. (F) The nucleotides neighboring the detected
A-to-G/T-to-C RNA variant sites called using the RNA virus-specific pipeline before and after the edited read filtering step. The reverse complements of
the triplets of T-to-C variants were combined with the triplets of A-to-G sites for analysis. For each mismatch and low-quality site cutoff, sites identified
at different time points were combined for analysis. (G) The number of editing sites identified with different infection times. Sites identified with three
mismatch and low-quality site cutoffs were plotted separately.

mean number of clusters with A-to-G mutations. Finally,
the enrichment was defined as the number of clusters with
A-to-G mutations in editable A positions divided by that in
uneditable A positions. For analysis in Figure 5C, the fre-
quencies of A-to-G mutations were calculated based on the
aligned data. Editing sites and flanking 200 bp regions were
used for analysis. To exclude the variants that may be un-
der positive selection, only sites with frequency < 0.0002
were used for analysis. For analysis in Figure 5D and E, to
have a fair comparison of tree lengths between editable and
uneditable As, we first randomly extracted the same num-
ber of uneditable As as editable As. Next, we randomly ex-
tracted 200 000 GISAID sequences. For each sequence, the
editable and uneditable positions were joined from 5 to 3/,

and the non-A/G mutations were masked as As. ML trees
were then constructed using FastTree (38) (Version 2.1.11)
with the default parameters. The analysis was repeated 1000
times and the tree lengths were compared.

RESULTS

The computational pipeline for A-to-I RNA editing discovery
in RNA viruses

Many tools have been recently developed to identify A-to-
I RNA cditing sites from RNA-seq data (summarized in
(39,40)), but detection typically requires matched genomic
sequences from the same sample to discriminate RNA edit-
ing events from other types of variants. As RNA viruses do
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Figure 2. RNA virus-specific pipeline identifies authentic A-to-I RNA editing sites in SARS-CoV-2. (A) Summary of the RNA-seq data analyzed. These
data were generated from nasopharyngeal swabs of COVID-19 patients, autopsy tissue samples of donors who died of COVID-19, and organoids and cell
models infected with SARS-CoV-2. PBMC, peripheral blood mononuclear cells; 02iCTR, a hiPSC line generated from peripheral blood mononuclear cells;
hAEC, human aortic endothelial cells; NHBE, normal human bronchial epithelial cells; BALF, bronchoalveolar lavage fluid; HBEpC, primary human
bronchial epithelial cells; HPAEpiC, human pulmonary alveolar epithelial cells; HSAEpC, primary human small airway epithelial cells. (B) The numbers of
total cleaned reads, viral reads, editing sites, and edited reads in RNA-seq data that had viral reads >1000. Samples were ranked by viral read number. (C)
Nucleotides neighboring editing sites called using either one- or two-step editing pipelines. A total of 8590 and 1415 sites identified from 227 samples with
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Figure 3. The landscape of A-to-I RNA editing events in the SARS-CoV-2 genome. (A) Genic location and annotation of editing sites SARS-CoV-2.
A-to-I editing sites in + and — strands were plotted separately. The number of edited samples at each editing site is indicated. (B) Comparison of triplet
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based on a previous study (44). (C) Boxplot showing the editing levels of sites among samples. Only editing sites with coverage >30 were used for analysis.
Note that for the lowly edited sites (e.g. with editing level < 0.1%), our calculations overestimated the editing level because G reads caused by sequencing
errors were also counted as edited reads (see Materials and methods). Red line, sequencing error rate based on our quality cutoff (Q30). (D) Density plot
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The relationship between editing levels and ADAR1 or MDAS expression levels. Cell models infected with SARS-CoV-2 from two independent studies
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males and females. All individuals (left) or individuals of different ages (right) were analyzed. The editing index was calculated as described in the Materials
and methods. P-values were calculated using one-sided Mann—Whitney U-test.
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Figure 4. Impacts of RNA editing on spike protein functions. (A) The distribution of recoding editing sites in the spike protein. The number of edited
samples at each editing site is indicated. Spike protein annotation information was from NCBI SARS-CoV-2 Protein Domains resource, and different
domains are shown by different colors. SI_NTD, N-terminal domain of the S1 subunit; S1_RBD, receptor-binding domain of the S1 subunit; SD1-2_S1-
S2_S2, SD-1 and SD-2 subdomains, the S1/S2 cleavage region, and the S2 fusion subunit; S2_C super family, S2 subunit intravirion. (B) The recoding sites
that were located at the linear epitope regions of the spike protein. Linear epitope regions were mapped by Li ez al. (50). The editing sites detected in more
than two samples are labeled as “*’. (C) The effects of recoding editing on ACE2 binding (top) and RBD expression (bottom). Data were from Starr et al.
(30). Positive value, higher affinity; negative value, lower affinity. The values were normalized to the median values of all positive or negative mutation
effects. The editing sites detected in more than two samples are labeled as “*’. (D) Structure of spike protein bound to ACE2. Four recoding sites found
to affect viral infectivity and antigenicity are highlighted in red. Data were from Li e al. (31). Note that 1472V recoding site in the D614G background
can further lead to increased infectivity and decreased sensitivity to neutralizing mAb and convalescent sera. The editing sites detected in more than two
samples are labeled as “*’. (E) Spike protein distribution in Vero E6 cells at 36 h after transfection with the editing mutants or wild type gene, visualized
by indirect immunofluorescence. Mutation of A141-144, which completely abolished the binding of antibody 4A8 (32), was used as the positive control.
F238S and W258R were two editing mutants of the spike gene. RBD mAb (red) was a neutralizing antibody targeting the spike RBD; 4A8 mADb (green)
was a neutralizing antibody targeting spike NTD. Scale bar, 100 pm.
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Figure 5. A-to-I RNA editing fuels SARS-CoV-2 evolution in humans. (A, B) Enrichment of the clustered A-to-G sites in the global samples of SARS-
CoV-2. We used two different controls for enrichment calculation. In panel A, enrichment was defined as the number of clusters with A-to-G mutations in
editable A positions divided by that with A-to-C mutations in editable A positions (see Materials and methods). Window size, A-to-G or A-to-C mutation
clusters (from 2 sites to 6 sites) scanned using a 60-, 80- or 100-nt sliding window. In panel B, enrichment was defined as the number of clusters with
A-t0-G mutations within defined lengths (60-, 80- or 100-nt) in editable A positions divided by that with A-to-G mutations within the same lengths in the
randomly sampled uneditable A positions (see Materials and methods). Control sites were sampled 1000 times and 95% confidence interval is shown. In
both A and B, ‘Inf” means no GISAID sequences in the control sets were identified. (C) Comparison of the GISAID A-to-G variant frequencies between
editable and uneditable As. Sites located in intergenic regions and three codon positions were analyzed separately. P-values were calculated using one-sided
Mann-Whitney U-test. (D) Illustration of phylogenetic tree construction and tree length calculation using editable and uneditable A positions of genome
sequences deposited in GISAID (see Materials and methods). (E) Comparison of tree lengths between editable and uneditable As. P-values were calculated
using paired Mann—Whitney U-test. (F) Summary of the characteristic of A-to-I editing on SARS-CoV-2. Compared with replication error-introduced
substitutions, A-to-I editing sites tends to be clustered. Moreover, editing levels vary among tissue types and between sexes. Finally, since ADAR has a
motif preference, the editing sites are selected, and editing hotspots are presented.

not possess an unedited DNA form, conventional pipelines, One hallmark of ADAR-mediated editing is that editing
in principle, will not work for viral editing identification. In- sites are clustered together, and such a feature has been suc-
deed, an initial attempt (41) to identify A-to-I editing sites cessfully used to develop a pipeline to call hyper-editing sites
in SARS-CoV-2 using a conventional pipeline obtained pu- (42). Moreover, in (+)ssRNA viruses, the presence of A-to-
tative variants with motifs inconsistent with the common I editing sites in the different viral species (i.e. + strand ge-
view of ADAR-mediated RNA editing, suggesting that it nomic RNA, - strand RdRp products) will appear as dis-
identifies a large number of false-positive sites. tinct nucleotide changes (Figure 1A), which are informative



for A-to-I editing identification. Based on these features, we
developed a computational pipeline that is specific for edit-
ing identification of RNA viruses (Supplementary Figure
S1, see details in Materials and methods). The characteris-
tic features that distinguish our approach are: (i) the careful
design of read preprocessing and viral genome optimized
mapping steps; (ii) the addition of a two-step editing call-
ing step specifically for (+)ssRNA viruses, which may in-
troduce both A-to-G and T-to-C variants in (+)gRNA and
(+)sgRNA sequences during the production of (+)gRNAs
and (+)sgRNAs (Supplementary Figure S2); (iii) the incor-
poration of multiple additional filters to remove misaligned
and low-quality reads; (iv) the editing site number filter to
remove false-positives due to the overamplification issue of
small-genome viruses and (v) the editing level filter to re-
move variants that are unlikely introduced by an RNA edit-
ing mechanism.

To verify our pipeline, we applied it to RNA-
seq data from a cell culture model of SARS-CoV-
2 infection (43). In brief, Caco-2 and Calu-3 cells
were infected with SARS-CoV-2 (patient isolate
BetaCoV/Munich/BavPat1/2020/EPI_ISL_406862) at
an MOI of 0.33 and sampled at different time points after
infection. Next, poly A or total RNA-seq sequencing was
performed for each sample. We first confirmed that the
conventional pipeline identified different types of RNA
variants (Figure 1B and C) and the putative editing events
had no ADAR motif preference (Figure 1D). Note that
in our analysis, all reads were mapped to the + strand
genomic RNA, thus A-to-I editing events that occurred
in the + strand were identified as A-to-G variants, and
those that occurred in - strand RNA were identified as
T-to-C variants. In sharp contrast, the vast majority of the
variants identified with the RNA virus-specific pipeline
were A-to-G/T-to-C types, indicative of A-to-1 editing
(Figure 1E). Most importantly, the nucleotides neighboring
the A-to-G/T-to-C variants showed a pattern consistent
with known ADAR preference (44), i.e., the underrepre-
sentation of G upstream of the editing site (Figure 1F).
Notably, the proportions of A-to-G/T-to-C sites and the
motif preference were greatly increased with the edited read
filtering steps of our pipeline (Figure 1E and F), supporting
the efficacy of our filters. As expected, the proportion of
viral reads and the number of editing sites increased with
the increase of infection time (Figure 1B and G). Together,
these data highlight the accuracy of our approach.

Global characterization of A-to-I RNA editing sites in
SARS-CoV-2

Having established the method for virus-specific editing
calling, we analyzed RNA-seq data from diverse types of
samples for a global characterization of A-to-I RNA edit-
ing events in SARS-CoV-2. A total of 7622 published RNA-
seq samples, including nasopharyngeal swabs of COVID-
19 patients, autopsy tissue samples of donors who died of
COVID-19, and organoids and cell models infected with
SARS-CoV-2, were collected (Figure 2A and Supplemen-
tary Table S1). 1727 (23%) samples were found to have
>1000 reads mapped to the SARS-CoV-2 genome (Figure
2B), of which 227 samples had viral editing events (Fig-
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ure 2B and Supplementary Table S2). Using RNA-seq data
from diverse types of samples, we further confirmed that
the additional filtering steps we developed could remove
false positives (Supplementary Figure S3). On average, ap-
proximately 91 editing events were identified per sample.
There was a clear positive correlation between the viral
load and the detection of RNA editing (Figure 2B). For
example, of the samples with viral reads > 5 million, 56%
had editing events detected. The overall low percentage of
edited reads could be explained by the possibility that A-
to-I editing is effective in restricting viral propagation, thus
reducing the number of viruses that show evidence of these
changes. In total, we identified 8590 and 1415 A-to-G/T-
to-C sites from the one-step and two-step editing calling
pipelines (Supplementary Table S2), respectively, and a sub-
stantial fraction of sites called from the two pipelines were
overlapped (Supplementary Figure S4A). As expected, edit-
ing sites from both pipelines showed a pattern consistent
with known ADAR preference (Figure 2C). As a control,
we called other types of variants using the same criteria (see
Materials and methods), and very few samples had other
types of RNA variants detected (Figure 2D), further sup-
porting the validity of our editing identification pipeline.
Note that the use of the previously developed hyper-editing
pipeline led to a large number of samples with other types of
variants (e.g., A-to-T/T-to-A and A-to-C/T-to-G) identi-
fied (Supplementary Figure S4B). Moreover, the A-to-G/T-
to-C percentages of sites called with our pipeline were sig-
nificantly higher than those called with the previously devel-
oped hyper-editing pipeline (Supplementary Figure S4C).
These analyses highlight the necessity of virus-specific fil-
tering steps in our pipeline.

Dynamic landscape and properties of A-to-I RNA editing in
SARS-CoV-2

Next, we investigated the landscape of A-to-I RNA edit-
ing in SARS-CoV-2. Similar numbers of editing sites in +
and - strands were identified, and both were relatively evenly
distributed across the genome (Figure 3A). This result sug-
gests that RNA editing mainly occurs in viral dsRNA in-
termediates, which can be produced during gRNA replica-
tion and sgRINA transcription processes (7,45). In line with
this, edited As did not tend to be located in the more struc-
tured regions as compared with the unedited As (Supple-
mentary Figure S5). There were a total of 3314 and 2018
non-synonymous editing sites in + and - strands identified,
which may potentially affect virus characteristics (Figure
3A and Supplementary Table S2). Moreover, 1417 and 2068
synonymous editing sites in + and — strands were found
(Figure 3A and Supplementary Table S2), some of which
might play additional regulatory roles in the viral genome.
Note that some of the negative-strand RNAs with A-to-I
editing (i.e. T-to-C variants) may not be further used as a
template for (+)gRNA or (+)sgRNA synthesis and thus did
not recode or regulate the viral genome.

To ask whether editing hotspots were present in the vi-
ral genome, we examined the number of edited samples at
each editing position. We found 2271 sites present in multi-
ple samples, ranging from 3 to 41 (Figure 3A). As a group,
the triplet motifs of editing hotspots were biased towards
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the ones most favored by ADARI (e.g., TAG) and biased
against those unfavored by ADARI1 (e.g. GAN) (Figure
3B), which underlies the basis of their high editability (44).

To understand the dynamics of RNA editing, we per-
formed three analyses. First, we compared the overall edit-
ing levels between samples and found that they varied (Fig-
ure 3C), which was probably due to the different levels of
MDA associated response. Moreover, editing levels among
sites varied within a sample (Figure 3D). Second, we exam-
ined the association between MDAS5/ADARI expression
and editing status using cell models infected with SARS-
CoV-2. Higher expression of MDAS5/ADAR1 was observed
in edited samples (Figure 3E and Supplementary Figure
S6), suggesting that MDA 5-mediated innate response may
promote viral RNA editing. When quantifying the expres-
sion of ADARI pl110 and ADARI1 p150 isoforms sepa-
rately, we found that only ADARI1 p150 had an increased
expression in edited samples (Supplementary Figure S6),
consistent with the previous observation (17). Third, we an-
alyzed the viral editing status of 617 nasopharyngeal swab
samples from the New York City metropolitan area during
the COVID-19 outbreak in spring 2020 (27). We found that
females had a higher viral editing index than males, partic-
ularly for those aged between 45 and 64 (Figure 3F), which
is consistent with previous observations that adult females
mount stronger innate immune responses than males in gen-
eral (46). Altogether, these data suggest that A-to-I RNA
editing in SARS-CoV-2 was dynamically regulated.

Impacts of A-to-I RNA editing on the spike protein functions

The trimeric spike protein decorates the surface of coron-
avirus and plays a key role in the receptor recognition and
cell membrane fusion process (47). The spike protein is com-
posed of two subunits, S1 and S2 (Figure 4A). The S1 sub-
unit contains a receptor-binding domain (RBD) that recog-
nizes and binds to the host receptor angiotensin-converting
enzyme 2 (ACE2), while the S2 subunit mediates viral cell
membrane fusion by forming a six-helical bundle via the
two-heptad repeat domain. The spike protein is the major
antigen inducing protective immune responses and the ma-
jor target for vaccine development (48,49). Therefore, the
editing-introduced mutations in the spike protein may pro-
vide a new source for its evolution and adaptation in hu-
mans. We found a total of 751 A-to-G/T-to-C recoding
editing sites in the spike protein (Figure 4A and Supple-
mentary Table S3). An integrated analysis of these recod-
ing sites with three published functional assay data revealed
that these sites may affect virus characteristics in a variety
of ways. First, a linear epitope landscape of the spike pro-
tein was generated by analyzing the serum immunoglobu-
lin G (IgG) response of 1051 COVID-19 patients with a
peptide microarray (50). We found that 151 recoding sites
were located at the linear epitope regions of the spike pro-
tein, which may alter the immunogenicity of the epitope and
thus affect the host immunogenic response (Figure 4B). Sec-
ond, a quantitative deep mutational scanning approach was
applied to experimentally measure how all possible SARS-
CoV-2 RBD amino acid mutations affect ACE2- binding
affinity and protein expression (30). Base on this data, we
found that a few recoding sites might enhance RBD expres-

sion and ACE2 affinity (Figure 4C). Because the RBD is
a major determinant of viral infectivity, pathogenesis and
host range, these recoding events in RBD may impact these
processes. Third, over 100 spike protein mutants were gen-
erated, and their infectivity and reactivity to neutralizing
antibodies were analyzed using the high-throughput pseu-
dotyped virus system (31). Based on this data, we found that
four recoding sites altered the ACE2 binding affinity to the
spike protein and affected viral infectivity and antigenicity
(Figure 4D).

To experimentally examine the impact of RNA editing
on altering antigenicity, we selected seven recoding editing
spots located in the N-terminal domain (NTD) of the spike
protein. We generated spike mutants with individual sites
and assessed the impact of RNA editing on antibody bind-
ing. We also included a deletion mutant that is known to
affect the binding of 4A8 mAD, a neutralizing antibody tar-
geting the NTD (32). Cells were transfected with plasmids
expressing these mutants, and indirect immunofluorescence
was used to determine whether editing modulated the bind-
ing of 4A8 mAb as previously described (32). Of the 7 edit-
ing sites, two sites completely abolished binding of 4A8
while still allowing recognition by a neutralizing antibody
targeting the RBD (Figure 4E and Supplementary Figure
S7), indicating that some of the editing mutants can con-
fer resistance to neutralizing antibodies. Altogether, these
results suggest that RNA editing provides a new source to
regulate virus-host interactions.

A-to-I RNA editing fuels SARS-CoV-2 evolution during the
epidemic

The RNA editing events may occur in both strands of sgR-
NAs and gRNAs. Those in sgRNAs may only affect the
characteristics of the viruses within the infected individ-
ual; while those in gRNAs might transmit, thus fueling vi-
ral evolution in humans. Given the overall low-level editing
in SARS-CoV-2, we expect that A-to-I editing may have
a low or moderate effect on the infected individual. How-
ever, RNA editing introduced substitutions might provide
a new source of mutation and contribute to SARS-CoV-
2 evolution in human populations. Extensive global sam-
pling and sequencing of SARS-CoV-2 have enabled us to
examine the impact of A-to-I RNA editing on its evolution.
Because A-to-I editing tended to be clustered, we reasoned
that if A-to-I editing contributes to virus evolution, such
cluster signature could be found in viral sequences. Thus, we
searched the GISAID sequence database (37) for sequences
containing clustered A-to-G mutations in the editing site
positions (see Materials and methods). GISAID is a global
science initiative and primary source that provides open
access to genomic data of viruses, including SARS-CoV-2
(37). Several million SARS-CoV-2 genome sequences have
been shared on GISAID, which is helpful for us to track
and analyze the spread of viral variants. As a control, we
searched clustered A-to-C mutations in the same positions,
because experimental data suggest that SARS-CoV-2 had
comparable rates of replication error-introduced A-to-G
and A-to-C mutations (9). We found 11-39-fold enrichment
of sequences containing clustered A-to-G mutations (Fig-
ure 5A), supporting our hypothesis. We also used randomly



&R

&

13

SARS-CoV-2 spike |

COEBh oD @

ACE2

Trimer

Nucleic Acids Research, 2022, Vol. 50, No. 5 2519

(o)

S2_C super family

1208 l
|

1187D)

Figure 6. Overlaps between editing sites and watch list variants in spike protein. (A) Recoding editing sites that were overlapped with watch list variants in
the spike protein. Domains were annotated as in Figure 4A. Variant watch lists were downloaded from GISAID database on June-26-2021. (B) Structure
of spike protein bound to ACE2. Recoding editing sites that were overlapped with watch list variants are highlighted in red.

sampled A positions without editing events observed (in
short, uneditable As) as a control, and similar enrichment
was observed (Figure 5B).

If A-to-1 RNA editing accelerates SARS-CoV-2 evolu-
tion in humans, we would expect that the A positions
with editing events observed (in short, editable As) may be
more likely fixed as Gs during the epidemic. We thus com-
pared the frequencies of A-to-G mutations inferred using
sequences in GISAID between editable and uneditable As
in the genome. We found that editable As tended to have
higher frequencies, particularly for the sites in the intergenic
regions (Figure 5C), which are expected to be under less se-
lective constraints. We also compared the relative rates of
evolution between editable and uneditable As in a phylo-
genetic context. We extracted the editable and uneditable

As from sequences in GISAID, respectively, constructed
two phylogenetic trees, and summed up and compared the
branch lengths of two trees (Figure 5D, see Materials and
methods). We found that the total branch lengths of ed-
itable A positions were longer than those of uneditable A
positions (Figure 5E), suggesting an editing-dependent ac-
celerated evolution of editable A positions of SARS-CoV-2
in humans. Together, these analyses imply that RNA editing
as a possible source of mutations can fuel viral evolution.

DISCUSSION

Knowledge of the host immune response factors that in-
troduce mutations is important for the simple reason that
RNA viruses, particularly (+)ssRNA viruses, are major
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pathogens of humans. In this study, we developed an ap-
proach to robustly identify A-to-I RNA editing in RNA
viruses. By applying our approach to SARS-CoV-2, we
characterized the landscape of RNA editing in the SARS-
CoV-2 genome and the association between viral editing
and intensity of host innate immune response. The com-
prehensive lists of SARS-CoV-2 A-to-I editing sites and
hotspots identified here present a resource for the study
of SARS-CoV-2 biology, evolution and spread. Moreover,
when applying our approach to four other human (+)ss
RNA viruses (SARS-CoV, MERS-CoV, Zika virus and
Dengue virus), we found the presence of A-to-I RNA edit-
ing in all four viruses investigated (Supplementary Figure
S8 and Supplementary Table S4), suggesting that our ap-
proach is readily applicable to a wide range of RNA viruses.

In combination with an integrative analysis of GISAID
sequence database (Supplementary Table S5) and our full
list of viral editing sites, we revealed that A-to-I editing pro-
vides a new source of substitutions to fuel the evolution
of SARS-CoV-2 in humans during the epidemic. A further
comparison between our editing list and watch lists of vari-
ants of concern in the world revealed 20 overlapping sites
(Figure 6), suggesting that host RNA editing machinery
does have the ability to generate variants of concern.

Compared with replication error-introduced substitu-
tions, A-to-I editing-introduced substitutions have distinct
features (Figure 5F). First, RNA editing tends to be clus-
tered, and such substitutions may lead to stronger changes
in a small region, which provides a unique mode of sub-
stitutions for virus evolution. Second, editing levels vary
among tissue types and between sexes, dependent upon the
intensity of the innate immune response; thus, caution may
be needed for individuals who have a stronger innate im-
mune response and likely generate a high-level of editing-
introduced A-to-G substitutions. Third, since ADAR has a
motif preference, the editing sites are selected, and editing
hotspots are presented. We propose that editing hotspots in
the SARS-CoV-2 spike protein that enhance ACE2 affinity
may be integrated into mRNA vaccine design in advance to
defend against possible new variants.

NOTE ADDED IN PROOF

While this paper was being revised, Picardi et al. (51) pub-
lished a study to examine whether and to what extent A-
to-I RNA editing is present in SARS-CoV-2 in infected cell
model using a previously developed pipeline (42). Although
both studies focus on A-to-I RNA editing of SARS-CoV-
2, our study aim to develop an RNA virus-specific editing
identification pipeline, examine the viral editing status from
diverse types of samples infected with SARS-CoV-2, con-
struct an atlas of A-to-I RNA editing sites, and uncover the
editing landscape and hotspots in the viral genome. Thus,
the focuses and aims of the two studies are largely different.
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