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Abstract:
The 2019-nCoV outbreak has become a global health risk. Editing by host deaminases is an innate

restriction process to counter viruses, and it is not yet known whether it operates against
coronaviruses. Here we analyze RNA sequences from bronchoalveolar lavage fluids derived from
two Wuhan patients. We identify nucleotide changes that may be signatures of RNA editing:
Adenosine-to-Inosine changes from ADAR deaminases and Cytosine-to-Uracil changes from
APOBEC ones. A mutational analysis of genomes from different strains of human-hosted
Coronaviridae reveals patterns similar to the RNA editing pattern observed in the 2019-nCoV
transcriptomes. Our results suggest that both APOBECs and ADARs are involved in Coronavirus

genome editing, a process that may shape the fate of both virus and patient.
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Main Text:

Emerging viral infections represent a threat to global health, and the recent outbreak of Novel
Coronavirus 2019 (2019-nCoV or SARS-CoV-2) from Wuhan (China) exemplifies the risks (/,
2). As viruses are obligate intracellular parasites, organisms evolved innate immune processes for
the sensing and the restriction of viruses. Among the processes involved is RNA and DNA editing
mediated by endogenous deaminases. Two different deaminase families are present in mammalian
species: the ADARs target double stranded RNA (dsRNA) for deamination of Adenines into
Inosines (A-to-I) (3, 4), and the APOBECs deaminate Cytosines into Uracils (C-to-U) on single-
stranded nucleic acids (ssDNA and ssRNA) (5, 6). ADARs interfere with viral infections directly
-through hypermutation of viral RNA- and indirectly, through modulation of the intracellular
response (7—12). On the other hand, APOBECs target the viral genome, typically DNA
intermediates (/3—20), either through C-to-U hypermutation or through a non-enzymatic path that
interferes with reverse transcription (27, 22). Some APOBEC3 proteins can interfere in vitro with
Coronaviridae replication, yet it is not clear whether their enzymatic activity is involved (23).
Eventually though, both of these restriction systems are exploited by the viruses themselves to
increase their evolutionary potential (24-26).

To assess whether RNA editing could be involved in the response to 2019-nCoV infections, we
started from publicly available RNA sequencing datasets from bronchoalveolar lavage fluids
(BALF) obtained from patients diagnosed with Coronavirus Virus disease (COVID-2019). While
transcriptomic data for all samples could be aligned to the 2019-nCoV reference genome, the
quality of the sequencing varied among samples, and only two samples had coverage and error
rates suitable for the identification of potentially edited sites (Supplementary Table 1). We

therefore called the single nucleotide variants (SNVs) using REDItools 2 only on the data from
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the two patients reported in Chen et al. (27). We identified 487 SNVs, 41 from patient

SRR10903401 and 446 in the patient SRR10903402 (Fig. S1, Data S1).
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Fig. 1. Single-nucleotide variants (SNV) identified in 2019-nCoV transcriptomes. (A) Allelic
fraction and (B) number of SNVs for each nucleotide change (e.g. A>C, AC). (C) Distribution of
SNVs across the 2019-nCoV genome (middle). AG/TC (blue) and CT/GA (red). SNVs are
grouped in bins of 200 nt and are plotted above (AG and CT) or below the line (TC and GA) based
on the edited strand. Genetic organization of 2019-nCoV (top); coverage distribution of sample
SRR10903402 (bottom). (D) SNV count and type per gene. (E) Editing rate: SNV count and type

per gene after normalization by gene length and coverage.

The allelic fraction of the SNVs ranges between 1 and 5% (Fig. 1A) and there is a bias towards
transitions (Fig.1B). The number of transversions is compatible with the mutation rate observed
in Coronaviruses (107, 28). On the other hand, the bias towards transitions resembles the pattern
of SNVs observed in human transcriptomes (29) or in viruses (8, 9, 12), where A>G changes derive
from deamination of A-to-I mediated by the ADARs. The pattern we observe encompasses all
possible transitions, with A>G and T>C being the main changes, evenly represented. This is
compatible with the presence in the cell, during replication, of both positive and negative strands
of the viral genome. It is thus likely that also in the case of 2019-nCoV these A>G/T>C changes
are due to the action of the ADARSs.

C>T and G>A are the second main group of changes and could derive from APOBEC-mediated
C-to-U deamination. Contrary to A-to-I, C-to-U editing is a relatively rare phenomenon in the
human transcriptome (29) and, with regards to viruses, it has been associated only to positive-
sense sSRNA Rubella virus (26), where C>T changes represent the predominant SNV type. In
support of a role for the APOBECs in 2019-nCoV RNA editing is the observation that only A-to-

I editing is present in non-vertebrate RNA viruses, where there are no known RNA-targeting
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APOBECs (9, 12). As with A-to-I changes, C-to-U changes seem to target equally both RNA
strands.

SNVs are spread throughout the viral genome, with no apparent difference in distribution between
A-to-I and C-to-U changes (Fig. 1C). Since ADARs and APOBEC:s target selectively dSRNA and
ssSRNA, such distribution could derive from the presence at all times of RNA in a dynamic
equilibrium between double-strandedness -when negative-sense RNA is being transcribed- and
single-strandedness -when nascent RNA is released. Some areas seem to bear less SN'Vs, but this
is due to lower coverage.

Similarly, SNVs accumulate on most viral genes proportionally to gene length and sequencing
depth (Fig. 1D, E). Only exception is the ORF6 gene, which modulates interferon signaling (30),
where the editing rate is higher compared to that of the other genes.

Since APOBEC deaminases preferentially target cytosines within specific sequence contexts, we
analyzed the trinucleotide context of the SNVs. After normalization for the genomic context, no
apparent bias is visible for A-to-I changes (Fig. 2A, B). On the other hand, C-to-U changes
preferentially occur 3’ to thymines and adenines, as logo alignment clearly points towards a pattern
compatible with APOBEC1 deamination ([AU]C[AU] (Fig. 2B) (31, 32). Moreover, the most
frequently edited trinucleotide context is TCG (Fig. 2A), which is compatible with APOBEC3A

pattern (UCN) (33).
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Fig. 2. Sequence contexts for 2019-nCoV RNA edited sites. A, 2019-nCoV SNV frequency in
each trinucleotide context (5’ to 3°, with x indicating the edited position) after normalization by
genomic content. Frequencies are normalized on the frequency of each trinucleotide context across
the viral genome (see methods). B, Local sequence context for A-to-I and C-to-U edited sites in

the viral transcriptome.
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We then aligned available Coronavirus genomes from Novel Coronavirus 2019 (2019-nCoV),
Middle East respiratory syndrome-related coronavirus (MERS-CoV), and the Severe Acute
Respiratory Syndrome Coronavirus (SARS-CoV) to test whether RNA editing could be
responsible for some of the mutations acquired through evolution. Indeed, the genomic alignments
reveal that a substantial fraction of the mutations in all strains could derive from C-to-U and A-to-
I deamination (Fig. 3A, C, E) and that a pattern compatible with APOBEC-mediated editing exists

also in genomic C-to-U SNVs (Fig. 3B, D, F).


https://doi.org/10.1101/2020.03.02.973255
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.02.973255. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

Fig. 3

A

SNV Count

SNV Count

SNV Count

80

60

40

20

25

20

Novel Coronavirus (2019-nCoV)

AC AG AT CA CG CT GA GC GT TA TC TG

Middle East respiratory syndrome coronavirus
(MERS-CoV)

AC AG AT CA CG CT GA GC GT TA TC TG

Severe acute respiratory syndrome-related coronavirus
(SARS-CoV)

AC AG AT CA CG CT GA GC GT TA TC TG

1.00

0.75

Probability

0.25

0.00

1.00

0.75

Probability

0.25

0.00

1.00

0.75

Probability

0.25

0.00

sequence context

C

O—1=>

nt

sequence context

>—
00—

nt

sequence context



https://doi.org/10.1101/2020.03.02.973255
http://creativecommons.org/licenses/by-nc-nd/4.0/

10

15

20

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.02.973255. The copyright holder for this preprint (which was not peer-reviewed) is the

author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

Fig. 3. Nucleotide changes across Coronaviridae strains. A, C, E, Raw number of SNVs for
each nucleotide change across 2019-nCoV (A), human-hosted MERS-CoV (C), and human-hosted
SARS-CoV (E) genome alignments (Data S2-S3). B, D, F, Local sequence context for C-to-U
edited sites 2019-nCoV (B), human-hosted MERS-CoV (D), and human-hosted SARS-CoV (F)

(Fig. S2).

Considering the source of our analysis -metagenomic sequencing- we wonder whether the editing
frequencies we observe (~1%) reflect the levels of editing of the viral RNAs inside the cell. These
are the same editing levels observed for most of the ADAR-edited sites in the human transcriptome
(typically inside Alu sequences) (3, 29, 34). To understand whether A-to-I editing is an effective
path of restriction of 2019-nCoV, it will be necessary to assess if a substantial fraction of viral
transcripts is hyper-edited (35—37) or fail to be packaged into virions.

With regards to APOBEC-mediated RNA editing, its detection in the viral transcriptomes is
already indicative, as this type of editing is almost undetectable in human tissues (29). Such
enrichment points either towards an induction of the APOBECs triggered by the infection, or to
specific targeting of the APOBECs onto the viral transcripts. The APOBECs have been proved
effective against many viral species in experimental conditions. Yet, until now their mutational
activity in clinical settings has been shown only in a handful of viral infections (/3—20) through
DNA editing- and in Rubella virus, on RNA (26). Intriguingly, C>T changes are predominant in
Rubella virus, suggesting that the positive-sense strand is targeted. This difference between
APOBEC editing in Rubella virus and in 2019-nCoV might derive from differences in the

replication processes or to RNA accessibility.
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Since most of the APOBECs are unable to target RNA, the only well characterized cytidine-
targeting deaminase are APOBECI, mainly expressed in the gastrointestinal tract, and
APOBEC3A, whose physiological role is not clear. As with A-to-I editing, it will be important to
assess the true extent of APOBEC RNA editing in infected cells.

The functional meaning of RNA editing in 2019-nCoV is yet to be understood: in other contexts,
editing of the viral genome determines its demise or fuels its evolution. For DNA viruses, the
selection is indirect, as genomes evolve to reduce potentially harmful editable sites (e.g. /2), but
for RNA viruses this pressure is even stronger, as RNA editing directly effects the genetic
information and efficiently edited sites disappear.

Finally, this analysis is a first step in understanding the involvement of RNA editing in viral
replication, and it could lead to clinically relevant outcomes: (a) if these enzymes are relevant in
the host response to Coronavirus infection, a polymorphism quite common in the Chinese
population that inactivates APOBEC3A (38, 39) could play a role in the spread of the infection.
(b) Since RNA editing and selection act orthogonally in the evolution of the viruses, comparing
genomic sites that are edited with those that are mutated could lead to the selection of viral regions

potentially exploitable for therapeutic uses.
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Materials and Methods

Sequencing Data

RNA sequencing data available from projects PRINA601736 and PRINA603194 were
downloaded from NCBI (https://www.ncbi.nlm.nih.gov/sra/) using the fastq-dump utilities from

the SRA-toolkit with the command line:

prefetch -v SRR*** && fastg-dump --outdir /path dir/ | --split-

files /path dir/SRR****.sra

Details of the sequencing runs are summarised in Table S1.

Data pre-processing

We aligned the FASTQ files using Burrows-Wheeler Aligner (BWA) (40) using the official

sequence of 2019-nCoV (NC _045512. 2) as reference genome.

The command line for the alignment and the sorting with Samtools (47) is:
bwa mem NC 045512.2.fa SRR* 1l.fastqg SRR* 2.fastqg | samtools sort

-0 BAM -o SRR* .bam

Somatic nucleotide variant (SNV) calling

We used RediTools2 (42, 43) to call the SNVs in RNA mode using the command line:
python2.7 reditools.py -f SRR*.bam -S -s 0 -os 4 -r NC 045512.2.fa
-m omopolymeric file.txt -c omopolymeric file.txt -g 20 -bg 25 -o

SRR* output table.txt

11
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The threshold we used to filter the SNVs is based on minimum coverage (20 reads) and on the
number of supporting reads (at least 4 mutated reads). These filters allowed us to construct a high
confidence set of RNA SNVs for both patients (Fig. S1, S2). The SNVs identified in patients
SRR10903401 and SRR10903402 are listed in Data S1. A diagram of the entire pipeline is shown

in Fig. S3.

Data manipulation and analysis

R packages (44—48) and custom Perl scripts were used to handle the data.

Normalization of SNV counts on gene length and sequencing depth

Higher gene lengths lead to higher probability of being mutated; hence, to investigate RNA editing
enrichments on 2019-nCoV genes we normalized SNV raw counts on gene-length. Since SNV raw
counts correlate with sequencing depth (Fig. S4), we normalized SNV raw counts on genes’

average sequencing depth.

Consequently, editing rate per gene has been calculated as follows:

N
L x D

Editing rate =

Where N is the SNV raw count occurring in a specific viral gene, L is the gene length, and D is the

sum of the sequencing depth of the two samples.

12
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Normalization of trinucleotide contexts

The analysis of the trinucleotide contexts was performed normalizing the mutated trinucleotide

with  respect to its presence in the 2019-nCoV  genome as follows:

C
SNV frequency (%) = C

where C is the count of SN'Vs occurring with a specific trinucleotide context, and G is the number

of times that trinucleotide context is present in the viral genome.

Viral genomes alignments

The viral genomic sequences of MERS (taxid:1335626) and SARS (taxid:694009) were selected

on NCBI Virus (https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/) using the query: Host : Homo
Sapiens (human), taxid:9606; -Nucleotide Sequence Type: Complete. They were aligned using the

“Align” utility.

2019-nCoV genomic sequences were downloaded from GISAID (https://www.gisaid.org/) and

aligned with MUSCLE (49). Consensus sequences of 2019-nCoV, SARS and MERS genomes
were built using the “cons” tool from the EMBOSS suite (http://bioinfo.nhri.org.tw/gui/) with
default settings. SN'Vs have been called with a custom R script, by comparing viral genome
sequences to the respective consensus sequence. Viral consensus sequences, sequences

identifiers, and mutation files are provided in Data S2, S3 and Table S2.

13
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Fig. S1
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Fig. S1.

RNA-editing on 2019-nCoV transcriptome patients. A, Single-nucleotide variants (SNVs)
identified in the RNA-sequencing for each sample (SRR10903401, SRR10903402 and
SRR10971381). The bar charts (x-axes) represent all possible nucleotide changes. The y-axes
represent the count of SNVs found in each 2019-nCoV transcriptome. The y-axes represent the
count of SNVs. B, ADARs and APOBECs mutation frequency associated with the coverage
obtained from the best RNA-sequencing derived from two Wuhan (China) patients. Each panel
shows respectively: AG/TC, CT/GA and others (see Material and Methods). The blue and yellow
dots represent the SNVs of each patient. The x-axes represent the coverage of the mapped reads ;

the y-axes the mutation frequency.
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Fig. 2
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Fig. S2.

SNVs in Coronaviridae strains. All possible nucleotide changes that occur in 2019-nCoV, MERS
and SARS genomes were reported in the corresponding table. The pies represent the percentage

(%) of ADAR and APOBEC SNVs with respect to all the other SNVs.
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5
Fig. S3
Mutation Calling SRR10903401 SRR10903402
Reditools parameters:
- base quality 25
- mapping quality 20
- homopolymeric-span4
Mutation Filtering _
Mutation Table , ; Mutation Table
SRR10903401 ! ' SRR10903402
Custom R script:
- coverage > 20
- reads supporting mutations > 4
High confidence sites
Fig. S3.
10 Flow-chart of the workflow. The analysis was performed in two phases: Mutation Calling and

Mutation Filtering. The tools and script used in this work are described in Material and Methods.
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Fig. S4
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Fig. S4.

Correlation between sequencing depth and raw SNV count. Raw SNV count and mean
sequencing depth were calculated using 400 nt bins. Spearman’s correlation coefficient = 0.86, p

<<0.001 .
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Table S2.

2019-nCoV genome mutations:

Mut Number_of _mut  Total_mutation
AC 6 207
AG 28 207
AT 7 207
CA 2 207
CG 6 207
CT 65 207
GA 21 207
GC 8 207
GT 20 207
TA 15 207
TC 24 207
TG 5 207

MERS genome mutations:

Mut Number_of _mut  Total_mutation
AC 30 1625
AG 156 1625
AT 45 1625
CA 55 1625
CG 13 1625
CT 557 1625
GA 154 1625
GC 43 1625
GT 168 1625
TA 44 1625
TC 317 1625
TG 43 1625
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SARS genome mutations:

Mut Number_of _mut  Total_mutation

AC 20 96
AG 23 96
AT 10 96
CA 3 96
CG 8 96
CT 20 96
GA 7 96
GC 0 96
GT 2 96
TA 5 96
TC 12 96
TG 6 96
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