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Abstract

COVID-19, caused by the SARS-CoV-2 virus, has a wide spectrum of clinical presenta-
tions even among individuals with similar demographics. Disease severity has been
linked with viral-mediated expression of interferons and interferon-stimulated genes.
Among the interferon-stimulated genes are members of adenosine deaminases acting on
the RNA (ADAR) family that contribute to transcriptome diversity and modulate immune
response. Previous studies identified altered ADAR expression and editing patterns during
SARS-CoV-2 infection, although it remains unclear whether ADAR expression and activity
differ between patients with varying severities of COVID-19. We used whole-blood tran-
scriptomes from individuals with critical or non-critical COVID-19 and matched for age,
sex, and presence of comorbidities. Results show differential expression of numerous genes,
including those involved in neutrophil degranulation, and upregulation of ADAR1 and
its isoform ADARp110 in patients with critical COVID-19. We identified severity-specific
editing events, including nonsynonymous edits, within distinct biological pathways. Differ-
entially edited sites—that could serve as molecular markers for COVID-19 severity—were
found within genes enriched in signal transduction, RNA and protein metabolism, and
inflammatory pathways. Our results demonstrate differences in expression and editing
patterns of ADARs between critical and non-critical patients, supporting a potential role of
ADAR editing in COVID-19 pathogenesis.

Keywords: SARS-CoV-2; Severe acute respiratory syndrome coronavirus 2; RNA editing;
ADAR editing; transcriptome; critical COVID-19; COVID-19 severity

1. Introduction

Coronavirus disease 2019 (COVID-19), caused by the betacoronavirus SARS-CoV-2,
is characterized by a range of clinical severities even among individuals with similar de-
mographics [1,2]. Accordingly, SARS-CoV-2 infections are categorized into asymptomatic,
mild, moderate, severe, and critical illnesses [3,4]. A majority of SARS-CoV-2 infections
result in asymptomatic or non-critical COVID-19 with influenzae-like symptoms such as
headache, fever, cough, myalgia, fatigue, shortness of breath, and sore throat; however, a
smaller proportion may progress to critical, life-threatening diseases [5,6]. Patients with
critical COVID-19 often present with pneumonia, acute respiratory distress syndrome
(ARDS), and/or multi-organ failure requiring external respiratory support and intensive
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care, which are often associated with high mortality rates [7-11]. Disease severity is associ-
ated with a range of host factors, such as age [12,13], sex [14-16], presence of comorbidi-
ties [17], blood group status [18,19], presence of neutralizing autoantibodies [20-23], and
genetic variants [24-26]. Additionally, during active infection, a highly dysregulated innate
immune response—consisting of impaired production of interferons (IFNs) and interferon-
stimulated genes (ISGs), along with excessive NF-kB driven inflammatory response—is a
key feature distinguishing patients with critical compared to non-critical COVID-19 [27-30].

SARS-CoV-2 is a single-stranded, positive-sense RNA virus [31]. Upon infection, viral
pathogen-associated molecular patterns (PAMPs), including replication intermediaries,
are detected by innate immune receptors [32,33]. Viral recognition triggers a downstream
antiviral cascade resulting in the production of IFNs and ISGs. There are three main
types of IFNs, namely, type I (IFN-o/3), type II (IFN-y), and type III (IFN-A) [34]. These
IFNs bind to interferon-stimulated response elements (ISREs) to induce transcription of
interferon-stimulated genes (ISGs), that act through direct and indirect mechanisms to
establish an antiviral state [35,36]. Genetic variants in type I and III IFN pathway genes
and autoantibodies against type I IFNs (IFN-«2 and IFN-w) have been observed in patients
with critical COVID-19 [20,22,37]. Furthermore, IFN levels vary according to disease
severity and delayed or impaired production of type I (characterized by low levels and
activity of IFN-« and absence of IFN-{3), III IFNs and ISGs, is observed in patients with
critical disease [28,38,39]. However, contrasting studies also exist where critical COVID-19
patients displayed increased levels of IFNs and ISG expression [40,41]. These differences
observed in the levels of IFNs and ISGs from different studies could be attributed to
the multiple factors, including differences in the populations studied, differences in the
anatomical site being studied, differences in the subtype of IFN-o reported, and differences
in assays used to measure the levels of cytokines (technical approaches) [30]. Nevertheless,
differences in expression of IFNs and ISGs are widely observed between patients who
develop critical compared to non-critical COVID-19, underscoring the importance of IFNs
and their downstream effectors in determining COVID-19 severity [30].

Among hundreds of ISGs produced in response to SARS-CoV-2 infection is Adeno-
sine Deaminase Acting on RNA 1 (ADAR1), specifically, the longer cytoplasmic isoform
ADARp150, whose promoter region incorporates an ISRE. This ADAR edits RNA molecules
post-transcriptionally to convert adenosines (A) to inosines (I), within double-stranded
RNA (dsRNA) regions. These substitutions are then interpreted as A-to-G substitutions
by cellular machinery, including elements involved in translation. Thus, ADAR-mediated
editing is a key player in the dynamic regulation of gene expression and proteomic diversity
through introduction of recoding sites within proteins or through its effect on various regu-
latory mechanisms such as alternative splicing, microRNA biogenesis and targeting [42,43].
In addition to ADARp150, ADAR1 also exists as the constitutively expressed, predomi-
nantly nuclear isoform ADARp110 [44]. It is noteworthy that ADARp110 is coexpressed
with ADARp150 due to leaky ribosomal scanning downstream of the ADARp150 start
codon [45]. Additionally, increased levels of ADARp110 have also been observed during
SARS-CoV-2 and other viral infections [46,47]. In addition to ADAR1 (ADAR), the human
genomes encode for two other ADAR genes, ADAR2 (ADARB1) and ADAR3 (ADARB2).
While most viral infections are associated with changes in the expression and activity of
ADARI1 and its isoforms, alterations in ADARI expression can also affect the expression
and activity of other ADARSs, such as through competition for substrates [44] and formation
of heterodimers [48].

ADARSs edit both viral and host transcripts, and this editing could shape the outcomes
for both the virus and the host [47,49,50]. Mechanistically, it was demonstrated that the
SARS-CoV-2 nucleocapsid (N) protein directed viral RNAs to ADARs (ADAR1/2), within
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infection-induced stress granules to promote viral editing [51]. Accordingly, widespread
ADAR editing signatures are observed in the SARS-CoV-2 genome [49,52]. Deep transcrip-
tomic studies have identified a higher proportion of ADAR edits in the minor viral RNA
population compared to the consensus viral population suggesting an inverse correlation
between ADAR editing and viral load [53]. Multiple nonsynonymous ADAR-edited sites
have also been detected in the receptor binding motif of SARS-CoV-2 spike protein, causing
structural changes that alter viral binding to host receptors, potentially affecting viral
infectivity [53,54]. Host ADAR-mediated editing within the SARS-CoV-2 genome has been
proposed as a major contributor to viral mutation, infectivity, transmissibility, fitness, and
evolution during the pandemic [49,52,55-58].

Within the host, ADAR edits are found in both coding and non-coding regions [59,60].
Editing in these regions plays a crucial role in mediating immune responses, preventing
autoimmunity, inflammation, and regulating gene expression [50,61,62]. As mentioned
above, editing within protein coding regions can result in non-synonymous substitutions
that may alter the structure and function of the encoded protein, thereby increasing pro-
teomic diversity from a limited set of genes [63—65]. Many such highly conserved sites
with significant physiological and pathological impacts have been identified in genes
associated with cancer, neuronal function, and cardiovascular health [66-68]. However,
the majority of ADAR editing occurs in the non-coding regions of transcripts, such as
primate-specific Alu retrotransposons, that can form dsRNAs that are primarily located
within the 3'UTR and intronic regions [69,70]. Editing reduces their dSRNA characteristics
and recognition by endogenous immune sensors, thereby preventing autoimmunity [71,72].
Notably, proinflammatory responses due to altered ADAR editing is a characteristic of
several inflammatory diseases, including atopic dermatitis (AD) [73], multiple sclerosis
(MS) [74], Aicardi Goutieres Syndrome (AGS) [75], and human inflammatory bowel dis-
ease [76]. A similar phenotype of reduced levels of ADAR editing within endogenous Alu
elements has been observed in SARS-CoV-2-infected human lung cells and in lung biopsies
of COVID-19 patients. In these cases, accumulation of unedited Alu RNAs was associated
with activation of IRF and NF-kB driven transcriptional responses, potentially contributing
to COVID-19-associated inflammation [77,78]. Similarly, changes in ADAR editing were
also observed in different ocular tissues during SARS-CoV-2 infection and were linked to
ocular manifestations of COVID-19 [79]. We have previously identified increased global
ADAR editing levels mid SARS-CoV-2 infection that were found to persists in a subset of
individuals, even after viral clearance, in patients with mild COVID-19 [46]. In a recent
study, Chattopadhyay et al. (2024) [80] identified differences in ADAR editing within
host long non-coding RNAs (IncRNAs) among patients infected with Delta, PreVoC, or
Omicron variants, with most distinct editing patterns observed during infections with
Delta variant. Their findings suggest that IncRNA editing could be variant-specific and
may contribute to differences in disease severity observed between these variants [80].
Additionally, differences in host ADAR editing have also been observed in response to
COVID-19 vaccinations, where these changes have been proposed to have a protective role
by modulating host immunity against SARS-CoV-2 infections [81]. Findings from these
studies, along with previous studies from other viral infections [50,82,83], establish RNA
editing as a mechanistic link between viral infections and symptoms observed both during
and post viral infections.

While it is well established that host ADAR expression and editing is altered dur-
ing SARS-CoV-2 infections [46,78,84,85], it remains unknown whether the expression and
activity of ADARs differ in individuals who develop critical compared to non-critical
COVID-19. To address this gap, we analyzed deeply sequenced whole-blood RNA se-
quencing data from a young patient cohort, excluded for major comorbidities, from
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Carapito et al. (PRJNA722046) [86] to identify differences in ADAR expression and ac-
tivity, measured as differences in ADAR editing, between patients who developed critical
compared to non-critical COVID-19.

2. Results
2.1. Expression of RNA Editing Enzyme ADARI Is Higher in Patients with Critical COVID-19

To investigate differences in gene expression, including whether the expression of
ADAR genes and isoforms differ between patients who developed critical compared to
non-critical COVID-19, differential gene expression analysis was performed on whole
blood RNA sequencing data using the DESeq2 package [87]. Principal component anal-
ysis (PCA) on VST (Variance Stabilizing Transformation) normalized raw counts data
showed that PC 1 accounted for 19% variance and separated non-critical from critical
patients (Supplementary Figure S1). After filtering out genes that were expressed at low
levels (keeping those with >10 reads in >90% of samples), 4111 genes were identified
as differentially expressed between the two patient groups, using the filtering criteria of
logyFold Change > 10.58 | (Fold Change > 1.5) and an adjusted p-value < 0.05 (Figure 1A;
Supplementary Table S1A). Within the differentially expressed genes, 2802 genes were
upregulated (Supplementary Table S1B), while the 1309 genes were downregulated in
critical compared to non-critical patients (Supplementary Table S1C).

To understand which biological processes and pathways experienced differential gene
expression, we performed Gene Set Enrichment Analysis (GSEA) using gene list ranked by
logyFold Change (log, FC), with gene sets from GO-BP and Reactome. Genes upregulated
within critical COVID-19 patients showed enrichment for innate immune system path-

”ou

ways/ processes including “neutrophil degranulation”, “interferon alpha/beta signaling”,

77

“antimicrobial peptides”, “cellular response to type I interferon”, hemostasis pathways

including “response to elevated platelet cytosolic Ca**”, “platelet degranulation”, neuronal

pathways including “GABA receptor activation”, “inwardly rectifying K+ channels”, and
disease pathways including “disease associated with the TLR signaling cascade”. Genes
downregulated within critically ill patients were enriched in RNA and protein metabolism
pathways/processes such as “formation of a pool of free 40S subunits”, “MHC class II
protein complex assembly” and “Nonsense Mediated Decay (NMD) independent of the
Exon Junction Complex (EJC)”. The top 20 significant GO-BP and Reactome pathways
(adjusted p-value < 0.05) are shown in the full list of enriched pathways/GO processes in
Figure 1B,C ordered by the Nominal Enrichment Score (NES), and adjusted p-values < 0.05
are provided in the Supplementary Table S1D,E.

While previous studies have identified elevated expression of ADARI in response
to SARS-CoV-2 infections [46,54], it is unknown whether this increase in expression is
consistent or differs between patients with varying disease severity. We found significant
differences in ADART1 expression (log,FC = 0.6647 and adjusted p-value = 0.0002) between
the two patient groups with higher expression observed in patients with critical COVID-19.
Furthermore, ADAR?2 expression, although without significance, was found to be nominally
higher (log, FC = 0.03939 and adjusted p-value = 0.8440) in critical patients. While ADAR3
expression was not detected in our samples, this could be due to restricted expression of
ADARS outside brain tissues [88,89] (Figure 1D; Supplementary Table S1F). Transcript-level
expression of constitutively expressed ADARI isoform, ADARp110 and IFN-inducible
isoform, ADARp150 [90,91] were examined as DESeq2 normalized counts. ADARp110 was
found to be overexpressed in patients with critical illness (Wilcoxon rank-sum test: p-value
=0.0073, DESeq2: log,FC = 0.9388 and adjusted p-value = 0.2201) (Figure 1E), while expres-
sion levels of ADARp150, though minimally lower in patients with non-critical disease,
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did not achieve statistical significance (Wilcoxon rank-sum test: p-value = 0.17, DESeq2

log,FC = 0.2905 and adjusted p-value = 0.5304) (Figure 1F; Supplementary Table S1G,H).
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Figure 1. Differences in gene expression, including changes in the expression of ADARs and ADARI1
isoforms in patients with critical compared to non-critical COVID-19. (A) Volcano plot showing
differentially expressed genes (logyFold Change > 10.58 | and an adjusted p-value < 0.05), with a
higher number of genes upregulated in patients with critical COVID-19. Blue dots represent genes
with significant difference in expression between the two patient groups. The top 20 differentially
expressed genes are labeled on the plot. GSEA of differentially expressed genes ranked by log, FC with
gene sets from (B) GO-biological processes (GO-BP) and (C) Reactome pathway. (D) DESeq?2 analysis
results for ADAR genes: ADAR1 (ADAR) and ADAR2 (ADARDb1). ADARLI is significantly higher
in critical (logp FC = 0.6647 and adjusted p-value = 0.0002) compared to non-critical patients. While
expression of ADAR2 (log, FC = 0.03939 and adjusted p-value = 0.8440) is minimally different between
critical and non-critical patients, this difference was not significant. DESeq2 normalized expression
of ADARI isoforms: ADARp110 (E) and ADARp150 (F). ADARp110 expression was significantly
upregulated in critical patients compared with non-critical patients (critical: 27,714 + 3325, n = 46;
non-critical: 14,458 £ 3027, n = 23; Wilcoxon rank-sum test, p = 0.0073). In contrast, ADARp150
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expression was only modestly higher in critical patients (critical: 14,326 & 1527, n = 46; non-critical:
11,713 + 1864, n = 23), and this difference was not statistically significant (Wilcoxon rank-sum test,
p=0.17).

2.2. ADAR Editing Patterns Differ Between Patients with Critical and Non-Critical COVID-19

Next, we investigated whether ADAR activity differs between the two patient groups.
To access this, we quantified ADAR-mediated editing within critical and non-critical
patients using two different approaches: (1) by comparing the total number of ADAR-
edited sites and (2) by calculating Alu Editing Index (AEI), as a measure of global levels
of ADAR editing within Alu repetitive elements. In agreement with ADAR-mediated
editing being the most abundant form of substitutions in humans [63,92,93], A-to-G and
T-to-C edits (A nucleotides on the complementary strand) representing potential ADAR-
edited sites were the most abundant form of substitutions within both groups of patients
(Figure 2A, Supplementary Table S2A). However, the average number of both A-to-G and T-
to-C substitutions differed between critical and non-critical COVID-19 patients. Specifically,
the mean number of ADAR edits per sample were higher in patients with non-critical
illness, with an average of 158,022 & 10,234 edits, while patients with critical illness had
an average of 139,285 + 9307 edits per sample (Supplementary Figure S2 and Table S3).
These sites were distributed mainly in intronic (74%), intergenic (19%), 3'UTR (4%), and
downstream regions (2%), while a considerable number of sites were also distributed within
the exonic regions (1%) (Figure 2B) and the mean number of editing sites within these
regions differed between the two severities (Supplementary Table S2B). Notably, within
exonic regions, differences were seen in the number of non-synonymous and synonymous
edits between the two patient groups (Figure 2C). Further, the Alu editing index for A-to-G
substitutions was highest among all other substitutions (Figure 2D). However, unlike the
total number of ADAR edits, AEI for ADAR edits within Alu elements was higher in
patients with critical COVID-19 (Figure 2D and Table 1). These differences suggest that
ADAR activity may differ between patients who develop critical compared to non-critical
COVID-19 in response to SARS-CoV-2 infections.

Table 1. Characteristics of BioProject PRINA722046 from Carapito et al. (2022) [86] used in this study.
Values for the number of ADAR editing sites are represented as mean and standard error of mean
(SEM) for respective severity group.

Mean Number of Putative Mean A-to-G Alu Editing Index

COVID-19 Plsease Sample Count Aver:jlge Number of ADAR Editing Sites ‘(+I — SEM) (AEI) (+/— SEM) per Sample for
Severity Aligned Reads per Sample for Different Different Severities of COVID-19
Severities of COVID-19
Non-critical 23 203,697,837 158,022.21 + 10,234.06 0.847 £ 0.0333
Critical 46 197,249,840 139,285.2174 + 9307.70 0.893 £ 0.0285

https://doi.org/10.3390/ijms27156809


https://doi.org/10.3390/ijms27156809

Int. J. Mol. Sci. 2026, 27, 6809

9 of 35

>

2000001

1500001

1000001

500001

Number of RNA editing sites

ol e ale

—_ -

& Critical
™ Non-critical

o A
SR
PIAT W v

A

-3
o7

o A ¥y O A ¥
S 2R MR SR I

o/ o o o/ o

A7

Type of RNA modification

N
&
8

8
8

Mean number of ADAR editing sites
H 3
8 8

M critical

I Non-critical

<
8
8
8
8

30000

Mean Number of ADAR Editing Sites
g
8

W critical
W Non-critical

Alu Editing Index
>

°
o

Genomic Region

™ Non-critical
B3 Critical

A-to-C

A-to-G

Ato-T

C-to-A

C-to-G C-to-T

Exonic substitution Type

E Critical

Non-critical

adjR*= 0401, p = 1.39e-08
4e+057

3e+05+

Number of ADAR edits

a0jR?=0,0431,p=0.173

100

200 100
ADAR1 expression (TPM)

200

G Critical

Non-critical

a6jR*=00327,p=0.119
4e+057

3e+065+

Number of ADAR edits

a0 R*=-0.0476, p = 0.976

GO-BP
|

‘cytokine production

immune response-activating |
signaling pathway

regulation of hemopolesis |

negative regulation of |
Immune response’

posiive reguiation of
cellular catabollc process.

regulation of innate immune |
response.

posiive reguiation of |
innate immune response

myoblast fusion

positive reguiation of
response to biotc stimulus

regulation of myoblast fusion |

protein polyubiquitination

antigen receptor-mediated
signaling pathway.
immune response-activating

call coptor |
signaling pathway

regulation of TOR signaling
immune response-regulating

cell urface receptor
signaling pathway

regulation of TORCA signaling

TORC1 signaiing -

protein Kag-linked |
Ubiquitination

peptidyl-serine |
phosphorylation

32 [ i 2
ADARS3 expression (TPM)

Critical

Non-critical

4e+051

3e+051

Number of ADAR edits
9
by
%

1e+051

adj R?=0.175,p = 000222

adj R = 0,035, p = 0,625

padust
000

Crfical
(90)

Cluster

NonCitcal
(384)

25 50 75

ADAR? expression

Critical

10.0

25 5.
(TPM)

o 75 100

Non_critical

Critical

Non_citical

Reactome Pty

Soraing by ks

ToRsapatng |
Fegamma copir (CGR)|
e hosseis
Instvationo G573 (6.5 |
g

Feopsin gt e |

e
)

o

)

Figure 2. Differences in ADAR editing between critical and non-critical patients. (A) Bar plot
shows the number of different substitutions identified by GATK. A-to-G and T-to-C substitutions,
representing potential ADAR editing sites, are the most abundant type of substitutions in both groups
of patients; however, the number of these substitutions are higher among patients with non-critical
COVID-19. (B) The distribution of editing sites across genic regions shows the average number of
edits across all regions was higher for non-critical patients. (C) The number of different exonic su-

https://doi.org/10.3390/ijms27156809


https://doi.org/10.3390/ijms27156809

Int. J. Mol. Sci. 2026, 27, 6809

10 of 35

bstitution types shows non-synonymous substitutions were the most abundant in both groups with
higher counts in patients with non-critical COVID-19. (D) The comparison of AEI between patient
groups shows A-to-G index was higher in patients with critical disease. The correlation between
the expression of ADARI1 (E), ADAR2 (F), and ADAR3 (G) measured in TPM, and total number of
ADAR edits in critical and non-critical patients shows ADARI (adj R? = 0.401, p = 1.39 x 10~¢) and
ADAR? (adj R? = 0.175, p = 0.00222) expressions were significantly positively correlated with the
total number of ADAR edits within critically ill patients. Venn diagram comparing the number of
ADAR editing sites (H) and corresponding genes (I) that are shared and unique between the two
patient groups. Overrepresentation analysis of GO-biological processes (J) and pathways enriched
(K) among genes are shown with unique edits in each group. Genes incorporating unique edits were
enriched for distinct biological functions.

We further investigated whether the observed differences in total number of ADAR
edits between the two patient groups were associated with differences in ADAR expres-
sion. Towards this, ADAR expression levels, measured as TPM (Transcripts Per Million)
were correlated with the total number of ADAR edits within each patient group. In
critical patients, the total number of ADAR edits showed a significant positive correla-
tion with the expression levels of ADARI1 (adj R2 = 0.401, p = 1.39 x 10~°) and ADAR2
(adj R? = 0.175, p = 0.00222). In contrast, no significant correlation was observed between
expression of ADARI (adj. R? = 0.0431, p = 0.173) or ADAR2 (adj. R? =-0.0355, p = 0.625)
and total editing events in non-critical patients (Figure 2E,F). Similarly, no significant
correlations were observed between ADAR3 expression and total editing events in either
critical (adj R? = 0.0327, p = 0.119) or non-critical patients (adj R? = -0.0476, p = 0.976)
(Figure 2G), potentially due to negligible expression of ADAR3 in whole blood [94]. We
also found ADAR editing sites that were uniquely edited within a severity group, indi-
cating disease severity-specific editing signatures. Specifically, we observed 163 uniquely
edited sites within 56 genes in critical COVID-19 patients, while there were 836 uniquely
edited sites within 373 genes in non-critical patients (Figure 2H,I and Supplementary
Table S2D,E). While these uniquely edited sites showed comparable genomic distribu-
tion between both groups of patients, with most sites located within the intronic, 3'UTR,
and intergenic regions, the number of potential non-synonymous exonic edits varied
(Supplementary Figure S2B,C). Of the four exonic edits in NBPF8, SMN1, HSPA1L, and
HLA-DRB5 genes, within the non-critical patient group, HLA-DRB5 incorporated a
non-synonymous edit at position Chré: 32487309 and critical patients harbored a non-
synonymous substitution within the DHRSX gene (position ChrX: 2139200). We an-
alyzed the functional consequences of these non-synonymous edits on protein stabil-
ity using AlphaFold2 [95] structure of HLA-DRB5 and DHRSX in the DDMut tool [96]
(https:/ /biosig.lab.ug.edu.au/ddmut/, accessed on 6 June 2025). In critical patients, substi-
tution of Histidine (H) to Arginine (R) at position 292 within DHRX was predicted to result
in a AAG of —1.27 kcals/mol (Table 2, Supplementary Figure S2E), while in non-critical
patients, the substitution of Serine (S) to Glycine (G) at position 164 within HLA-DRB5
was predicted to result in a AAG of —0.08 kcal/mol (Table 2, Supplementary Figure S2D).
A negative change in AAG suggests that both mutations could result in destabilization of
corresponding proteins, signifying distinct downstream consequences of ADAR editing
between the two patient groups. Furthermore, overrepresentation analysis (ORA) of genes
associated with unique edits revealed significant enrichment (adjusted p-value < 0.05, BH
g-Value < 0.05) of distinct biological processes and pathways. Notably, unique edits in non-
critical patients were spread across a broader range of biological processes and pathways
compared to critical patients. These results suggest that these unique editing sites might
have distinct functional roles in influencing COVID-19 disease severity (Figure 2] K and
Supplementary Table S2E,F).
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Table 2. The position and potential consequences of non-synonymous substitution within DHRSX
gene (unique to critical patients) and HLA-DRB5 (unique to non-critical patients), on corresponding
protein stability as predicted by DDMut [96]. (H = Histidine; R = Arginine; S = Serine; G = Glycine;
AAG = change in Gibbs free energy).

Disease

Wildtype Predicted Stability Change

Severity Gene Name Exon/Position Residue Mutant Residue (AAGStability wt>mt)
Critical DHRSX (dehydrogenase/ reductase Exon 7; 292 H R —1.27 kcal /mol
X-linked)
Non- HLA-DRB5 (major histocompatibility . B
critical complex, class II, DR beta 5) Exon 3; 164 S G 0.08 keal /mol

2.3. Filtering High-Confidence ADAR Editing Sites and Identification of Differentially Edited Sites

From the total ADAR editing sites, we further identified a list of high-confidence
ADAR editing sites using a multistep filtering approach. First, we retained only those
A-to-G and T-to-C substitutions that were present in the variant calling outputs of both
GATK and JACUSA2. Additional filters were applied to this list on the total number
of aligned reads and editing levels per site (refer to Methods for details). Additionally,
only those sites that were present in at least 20% samples were selected. Following this
filtering, a total of 13,531 high-confidence ADAR editing sites were identified within
2976 genes (Figure 3A, Supplementary Table S3A). Of these high-confidence ADAR editing
sites, 12,828 sites were previously identified, confirmed editing sites present in REDIportal
database (Supplementary Table S3B), while the remaining 703 were not present in REDI-
portal (Supplementary Table S3C), and will be referred to as novel editing sites (Figure 3B).
Moreover, to ensure the robustness of the identified high-confidence sites, we examined
these sites for features commonly associated with ADAR-edited sites. Previous studies
have shown that ADAR editing sites are mainly located in the non-coding region, particu-
larly within the intronic and 3'UTR regions of the transcripts [97,98] and show sequence
preferences (motifs) surrounding the edited base [50]. Consistent with this, both known
and novel high-confidence sites were enriched in the 3'UTR and intronic regions (Figure 3C,
Supplementary Table S3A). Furthermore, for both known (sites present in REDIportal) and
novel high-confidence sites, edited A’s on the positive strand had a 5 neighboring T, C, or
A and a 3’ neighboring G (Figure 3D,E). In contrast, edited T (=U, A on the complementary
strand) had a 3/ neighboring A, G, or T (U), or a 5’ neighboring C (Figure 3EG).

We further aimed to identify differentially edited sites within the list of high-
confidence ADAR editing sites, i.e., sites with significant difference in RNA editing lev-
els between critical and non-critical patients using the method previously described in
Riemondy et al., 2018 [99]. Briefly, a generalized linear model (GLM) was applied to each
high-confidence site, using edgeR, to find editing sites where the edited base (G/C) counts
show significant differences between critical and non-critical patients, while controlling
for unedited bases (A/T) within each sample. Using this approach, we identified a total of
140 differentially edited sites in 126 genes (edgeR log,FC > 10.58 | and FDR < 0.05) within
critical compared to non-critical COVID-19 patients (Supplementary Table S3D). Figure 3H
shows the top 30 sites with significantly increased (log,FC > 0.58 and FDR < 0.05) and the
top 30 sites with significantly decreased (log,FC < —0.58 and FDR < 0.05) editing in critical
compared to non-critical patients. Of the 140 differentially edited genes, only 37 genes
were found to overlap with differentially expressed genes identified above, suggesting
ADAR editing could be a regulatory mechanism independent of the expression of the
incorporating gene (Supplementary Table S3E). When we looked at the genomic distribu-
tion of these sites, as expected, a majority of these sites were within the Intronic (35%),
3'UTR (12%), and downstream regions (19%) of the transcript (Supplementary Figure S3).
Importantly, differentially edited sites within NOP14 gene at position Chr4: 2940026 (with
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the higher levels of editing in critical samples—edgeR log,FC 1.7398 and FDR < 0.01)
were identified as a moderate impact, missense variant (I779V) by SnpEff and ANNOVAR
(Supplementary Table S3D). To explore the aforementioned possibility of ADAR editing
as a regulatory mechanism independent of incorporating gene expression, we further
examined whether this difference in editing within NOP14 is associated with differences in
expression of its gene. Interestingly, in critical samples despite low coverage at the edited
site, editing levels were higher in critical samples, while non-critical samples had higher
coverage at the edited position with low editing levels (Figure 3L). Our results show that
missense editing within NOP14 gene is not simply a consequence of increased expression
and that editing adds another layer of regulation in COVID-19 disease severity.
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Figure 3. High-confidence ADAR editing sites and differential editing. (A) Flow chart of meth-
ods/tools and filters used to identify high-confidence sites. (B) Bar plot showing the number of
high-confidence ADAR editing sites that are present in REDIportal, representing previously identified
ADAR editing sites, and novel sites, not present in REDIportal. (C) Genic distribution of both known
and novel high-confidence edits. Sequence logo for edited A’s on the positive strand for both known
(D) and novel (E) editing sites. Sequence logo for edited T (=U, A on the complementary strand) for
both known (F) and novel (G) editing sites. (H) Bar plot of top 30 sites with significantly increased
(logrFC) > 0.58 and FDR < 0.05) and top 30 sites with significantly decreased (log,FC < —0.58 and
FDR < 0.05) editing in critical compared to non-critical patients. (I) GSEA results showing Reactome
pathways enriched within genes containing differentially edited sites. GSEA plots show positive
enrichment of neutrophil degranulation (J) and MAPK family signaling cascade (K) both positively
enriched in critical patients. (L) Relationship between read coverage and editing levels (values
represented as median) at position Chr4: 2940026 within NOP14 gene. (M) Differences in the number
of high- and moderate-impact editing events between critical and non-critical patients.

Since editing within 3'UTRs could alter miRNA targeting [43], we examined whether
the differentially edited sites in 3'UTRs are within known miRNA target regions using
data from TargetScan release 8.0 [100]. The results showed that except for the site Chr4:
39551031 within 3'UTR of SMIM14 gene, all other sites were found to be in the known
miRNA targeting regions. Specifically, 15 differentially edited sites within 12 genes were
predicted to be targeted by 57 miRNAs (Table 3). Of these identified miRNAs, several—
including, miR-10-5p and miR-20b-3p—have been identified as playing a role in regulating
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gene expression, RNA degradation and/or translation during disease states [101,102].
These findings suggest that differences in editing between critical and non-critical patients
might also affect miRNA-mediated regulation in the two patient groups. While delineating
the specific aspects of whether such regulatory changes occur and to what extent would
require experimental validation in patient samples, a broader question of the downstream
consequences of the editing changes across different miRNA binding sites should receive
attention in future studies.

Table 3. List of differentially edited genes with corresponding ADAR editing sites located within
3'UTR, the microRNAs predicted to target these regions, and significance of the edited genes.

Gene Editing Site miRNAs with Target Site Significance of the Edited Gene
Regulates mitochondrial dynamics and cellular senescence.
PGAMS5 Chr12: 133298349 miR-548¢-3p SARS-CoV-2 ORF3c interacts with PGAMS5 to disrupt innate immune
response by promoting MAVS cleavage [103-105]
miR-625-3p, miR-1295b-3p, Involved in the assembly and function of peroxisomes. Mutations in
PEX26 Chr22: 18571421 miR-4759, miR-8083, miR-3117-3p, PEX26 gene has been associated with Zellweger spectrum disorder
miR-3169 [106]
Chr22: 26120928 miR-365a-5p /365b-5p Encodes for G protein-coupled Receptor Kinase 3K (GRK3) a crucial
ADRBK2 component of hedgehog pathway required for normal embryonic
Chr22: 26121801 miR-562, miR-3199/8052 development [107]
Member of apolipoprotein L gene family; APOL6 regulates lipid
APOL6 Chr22: 36056598 miR-641/3617-5p metabolism and is associated with apoptosis and autophagy
particularly in cancer [108,109]
miR-30b-3p/1273h-5p /3689-
AHR Chr7: 17384514 fg{égg?:gp /1?171%92652% /67885 Encodes for AHR protein, a ligan-activated transcription factor, and is
‘ miR- 450?1_}1)_'310 miR- 6511)3—5p P/ a crucial regulator of xenobiotic (foreign chemicals) metabolism [110]
miR-3122/3913-5p, miR-383-3p
Chr8: 38829775 miR-7158-3p Localized to post-synaptic membrane PLEKHA?2, it is involved in
PLEKHA regulating post-synaptic membrane stability, neuronal excitability
2 Chr8: 38829839 miR-4540, miR-6838-3p and is also identified as a risk gene for bipolar disorder during
adolescence [111]
Encodes for Erol-like proteins, primarily localized in ER, which are
. miR-7-3p, miR-5692a, miR-4775, involved in the disulfide bond formation of secreted and cell surface
EROIL Chrl4: 53109732 miR-590-3p proteins. Highly expressed in various malignancies, ERO1L
overexpression is associated with poor outcomes [112,113]
ZNF506 Chrl9: 19903175 ﬂiﬁ:géﬁ?g’ mnllIfI_{z_é;Lig’ Involved in maintaining genome stability through transcriptional
: miR-20b-3pp,m iR-5588-3pp, repression of endogenous retroviruses (ERVs) [114]
miR-10-5p, miR-339-5p, Belonging to the family of E3 ubiquitin ligases. RNF24 expression is
RNF24 Chr20: 3910035 miR-339-5p, miR-4725-5p, elevated in multiple cancers where it affects immune cell infiltration
miR-4421/5699-3p and is associated with poor prognosis [115]
Encodes for heparinase enzyme involved in tissue remodeling. HPSE
. g — 3 plays a crucial role in metastasis, angiogenesis, and inflammation,
HPSE Chr4: 84215723 ﬁ;g_gég;&j&l&%m% op/ specifically neuroinflammation during herpes simplex virus-1
! (HSV-1) infections. HPSE is also a therapeutic target for
neuroinflammation and associated neurobehavioral deficits [116,117]
Chr5: 156905396 m?g-giz'sg’ miR-6738-3p, Member of type-1 transmembrane glycoprotein; it is involved in
ADAMI9 fuk-ofta-op cellular interactions. It is essential during cardiovascular
) . morphogenesis, neurogenesis, nephrogenesis, and other
Chr5: 156905560 miR-3149 developmental processes [118,119]
Plays a key role in protein—protein interactions and regulates several
SCGTB Chr5: 64964718 miR-499a-5p, miR-4432, miR-8087 physiological processes. Upregulation of SGTB is associated with

neuronal apoptosis following neuroinflammation, induced by
lipopolysaccharide (LPS) administration [120,121]

GSEA on a unique list of genes and coordinates (since the same genes could have

multiple editing sites) ranked by log,FC, identified significant enrichment of multiple key
pathways. Notable pathways included, immune system pathways such as “neutrophil de-

VZa7i V7

granulation”, “interferon signaling”,

VZa7s

cytokine signaling”, “signaling by interleukins”, and
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“activation of NF-«kB in B cells”. Additionally, infectious disease pathways including “SARS-
CoV-2 infection”, signal transduction pathways such as “MAPK family signaling cascade”,
“signaling by Rho GTPases, Miro GTPases, and RHOBTB3”, and “insulin receptor signaling
cascade” were enriched. Differentially edited genes were also enriched in pathways related
to cell cycle, cellular response to stress, and RNA and protein metabolism (Figure 3I). GSEA
plot shows distribution of differentially edited genes within the ranked list for “neutrophil
degranulation” pathway (Figure 3]), and “MAPK family signaling cascade” (Figure 3K)
that plays a key role in inflammation and shows positive enrichment in critical COVID-19
patients [122-124]. Interestingly, differentially edited genes were also enriched in pathways
associated with cardiac conduction, and neuronal system pathways such as “neurotrans-
mitter receptors and postsynaptic signal transmission” (Supplementary Table S3F). This
suggests that ADAR editing may also contribute to cardiac and neurological manifesta-
tions observed in patients with critical COVID-19 as reported in previous studies and also
identified in some patients within the present dataset (Carapito et al., 2022, Table 1) [86].

2.4. High- and Moderate-Impact Editing Events Differ Between Critical and Non-Critical
COVID-19 Patients

SnpEff tool [125] predicts the functional effect and provides assessment of the puta-
tive impact of a variant, classifying it as high, moderate, modifier, and low. Here high-
/moderate-impact editing events represent those editing events that can result in amino
acid substitutions likely affecting the structure and function of the encoded protein. On
the other hand, modifier- /low-impact editing events represent those within non-coding re-
gions with insignificant effect on downstream protein (https://pcingola.github.io/SnpEff/
snpeff/inputoutput/#eff-field-vcf-output-files (accessed on 6 June 2025)). To evaluate dif-
ferences in the potential functional impact of ADAR-mediated RNA editing, we annotated
the putative editing sites using SnpEff. Only those A-to-G and T-to-C sites with read depth
> 20 and shared across 20% of samples across a disease severity were selected. We found
statistically significant differences (x? test, p value < 2.2 x 107®) in the number of high-
and moderate-impact ADAR editing sites, with a significantly lower number in patients
with critical COVID-19 (Figure 3M).

2.5. Random Forest Classification Identifies Differentially Edited Gene Signatures Associated with
COVID-19 Disease Severity

Next, to identify whether differentially edited sites can differentiate between critical
and non-critical patients, we applied a random forest (RF) classifier. The dataset was
randomly split to 70% training and 30% test dataset, and the RF model was trained on
the training dataset using parameters described in the methods. Model performance was
evaluated using receiver operating characteristics (ROC) curve analysis. The classifier
showed high performance with an area under the curve (AUC) of 1 for the training dataset
(Figure 4A) and 0.974 on the test dataset (Figure 4B), indicating that the model is effective
in distinguishing between critical and non-critical patients and may be generalized to
other datasets. To further identify key editing sites contributing to this classification,
we calculated a Mean Decrease in the Gini index, a metric commonly used to access the
importance of features in RE. The top 30 significant sites ordered according to the decreasing
Gini index are shown in Figure 4C. Additionally, to assess the relevance of each site in
distinguishing disease severity, per site AUC was computed. This resulted in 11 editing sites
with AUC values >0.75 (Figure 4D, Supplementary Table 54), suggesting fair power [126]
of these sites to discriminate between critical and non-critical patients.
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Figure 4. Random forest model identifies RNA editing sites predictive of disease severity. ROC
curves showing the performance of random forest classifier in distinguishing critical from non-critical
patients in training (A) and test (B) dataset, based on editing levels of differentially edited sites.
(C) Variable importance plot showing the top 30 RNA editing sites ranked by Mean Decrease in Gini
index. (D) Bar plot of top RNA editing sites with AUC > 0.75.
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3. Discussion

COVID-19 presents with a wide spectrum of clinical outcomes, resulting from com-
plex interplay of various factors, including age, comorbidity status, host genetics, and
immune responses [17,37,127]. Impaired IFN signaling and dysregulation of ISGs is a
hallmark of critical disease [28,30]. Among ISGs, ADAR1 encodes for post transcrip-
tional RNA editing enzyme that regulates transcriptome diversity and immune responses,
and has been mechanistically linked to symptoms observed both during and post-viral
infections [79,82,83]. Previous studies have shown that SARS-CoV-2 infection induces
changes in host ADAR expression and editing patterns, contributing to COVID-19-
associated physiological changes [46,78,85]. However, to the best of our knowledge, no
studies have identified whether the expression and activity of ADARs differ with varying
severities of COVID-19.

In this study we address this gap by analyzing a deeply sequenced whole-blood
RNA sequencing dataset from a comparatively homogeneous cohort of individuals who
developed critical COVID-19 and compared them to those who developed non-critical
COVID-19, examining differences in ADAR editing patterns in response to SARS-CoV-2
infection. Our analysis revealed significantly high expression of ADAR1 and its isoform
ADARp110 in patients with critical COVID-19. We further demonstrate that ADAR ac-
tivity varies according to disease severity with marked differences observed in (1) the
total number of ADAR-mediated edits (driven by expression of ADAR1 and ADAR?2 in
critical but not non-critical patients), (2) editing within repetitive Alu elements, (3) genomic
distribution of edited sites, (4) the specific site being edited, including non-synonymous
edits predicted to affect protein stability, (5) site-specific editing levels (that within 3'UTR
may influence miRNA mediated regulation), and (6) proportion of edits with varying func-
tional consequences. Functional enrichment analysis of uniquely and differentially edited
genes in critical patients exhibited significant overrepresentation of inflammatory path-
ways, including neutrophil degranulation, which was also enriched among differentially
expressed genes. Finally, we identified a set of differentially edited sites that could serve
as molecular markers of COVID-19 disease severity. Together, our study demonstrates
varying expression and editing patterns of ADARs between critical and non-critical patients
and proposes a functional role for RNA editing in COVID-19 disease severity.

Extensive differences in the gene expression, including in genes involved in innate im-
mune and inflammatory pathways, particularly neutrophil degranulation, is a key feature
distinguishing patients with critical from those with non-critical COVID-19 [128,129], as
was observed in the analysis of our dataset as well. While expression of ADARI, specif-
ically the ADAR1 isoform ADARp110, was significantly higher in patients with critical
COVID-19, the expression of the IFN-inducible isoform ADARp150 did not differ signifi-
cantly between the two patient groups. Considering that we are comparing virus-infected
groups (i.e., disease samples) that will result in the production of IFNs and ISGs, insignifi-
cant differences in ADARp150 levels are understandable. However, it should be noted that
the levels of IFNs and ISGs, including ADARp150 are known to be highly dynamic through-
out the course of viral infection, and factors such as the timing of sample collection can
significantly influence the measurements of expression levels [130]. Previous evidence from
animal models have shown that the IFN response often peaks a few days after infection
and may rapidly decline thereafter [130,131]. Therefore, it is possible that ADARp150 levels
were different at some point between the two groups of patients; however, further studies
that could measure the levels across different time points of SARS-CoV-2 infection are
needed to confirm this. Interestingly, ADARp110, although constitutively expressed, is seen
to be elevated during viral infections [47,132,133], including SARS-CoV-2 infections [46,134].
This could be due to leaky ribosomal scanning downstream of IFN-induced ADARp150
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start codon, which results in the coexpression of both ADARp110 and ADARp150 [45]. It
has also been proposed that persistence of SARS-CoV-2 viral transcripts could also drive
sustained transcription and translation of ADARp110, resulting in elevated ADARp110
levels [135]. In line with this, an original study by Carapito et al. 2022 [86] reported the
presence of viral gene transcripts within samples from patients with critical COVID-19, but
not in samples from non-critical COVID-19, which could also be a potential explanation
to the higher expression of ADARp110 observed in patients with critical COVID-19 in
our analysis.

When comparing differences in global ADAR editing, measured as differences in the
total number of ADAR edits between the two patient groups (comparison between patient
groups), we found a lower number of edits within critical patients, despite significantly high
expression of ADAR1, compared to non-critical patients. This is consistent with previous
studies that have observed that the expression of ADAR1 does not always translate to
global higher editing [136-138]. Nonetheless, when we applied a linear regression model to
identify the relationship between expressions of all three ADARs and the total number of
ADAR edits within each patient group (within group correlations), we found a significant
positive correlation between the total number of ADAR edits and the expression levels of
ADAR1 and ADAR?2 within patients with critical COVID-19. In contrast, no significant
correlations were observed between expression of any of the three ADARs and the total
number of edits for patients with non-critical disease. These results suggest that the activity
of ADAREs differ between the two patient groups, and that ADAR expression might have a
stronger influence on total editing in critical patients, while in non-critical patients factors
other than editing might be contributing more to the global editing landscape. In fact,
several other factors have been known to influence ADAR activity, including the formation
of heterodimers between different ADARs [48], availability of cofactors such as inositol
hexaphosphate (IP6) [139], post transcriptional regulation by miRNAs, post translational
SUMOylation (which can reduce ADARI editing activity) [140], and availability and
accessibility of substrates [141,142]. It is also worth noting that ADAR3 is predominantly
expressed in neuronal tissues, and is known to have an inhibitory effect on the activity of
the other two ADARs [143,144], though in our whole-blood dataset ADAR3 expression
was negligible and showed no correlation with the total number of edits in both groups
of patients. It remains possible that ADAR3 may have an impact on editing in neuronal
tissues, and further studies using neuronal samples are needed to explore its role in this
context. Furthermore, while the total number of ADAR editing events (i.e., events within
both coding and non-coding regions) were lower in critical patients, AEI, a measure of
ADAR editing activity within Alu repetitive elements in the genome, was higher in patients
with critical COVID-19. Given that ADAR]1 is the primary enzyme responsible for editing
within Alu elements [145,146], and that the expression of ADAR1 was elevated in critical
patients, this may explain the observed increase in AEI in critical patients despite a lower
total number of edits.

In addition to global differences in editing in terms of total number of edits, differ-
ences were also seen in ADAR targets, as seen by the presence of genes and pathways
that were uniquely edited in either critical or non-critical patients, establishing COVID-19
severity-specific ADAR activity. For instance, non-synonymous editing within exon 7
of the Dehydrogenase/Reductase X-Linked gene (DHRSX), that was predicted to result
in protein destabilization, was preferentially edited in patients with critical COVID-19.
DHRSX encodes for an enzyme involved in dolichol synthesis, a lipid essential for N-
glycosylation [147,148]. SARS-CoV-2 spike (S) protein and the host receptor protein an-
giotensin converting enzyme 2 (ACE2) undergo N-glycosylation facilitating the binding
between the two. Considering the importance of N-glycosylation in SARS-CoV-2 infection
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and the essential requirement of the DHRSX gene in N-glycosylation [149,150], it can be
speculated that missense editing in this gene can impact viral entry or replication. While
this could be a potential mechanistic link between DHRSX editing and disease severity,
further studies are required to confirm this speculation, if any. Similarly, a unique edit
was found at position 164 on exon 3 in the gene human leukocyte antigen class II het-
erodimer 35 (HLA-DRB5). HLA-DRBS is a Class II major histocompatibility complex
(MHC) molecule involved in antigen presentation to CD4+ T cells and is a key player in
adaptive immune responses. Although the direct effect is unknown, when the role of HLA
in antigen presentation is considered, it is plausible that non-synonymous editing within
this gene may affect viral recognition by the host [151]. Noteworthily, the extent of protein
destabilization resulting from these non-synonymous edits were relatively different, with a
much larger change in AAG resulting from non-synonymous editing within the DHRDX
gene in critical patients, indicating that editing within DHRSX may have a greater impact
on protein stability.

The remaining unique edits were predominantly distributed within the intronic and
3'UTR of transcripts, although the numbers varied between critical and non-critical COVID-
19 patients. Such editing within non-coding regions may impact multiple processes regu-
lating gene expression and ultimately influencing protein function. For instance, editing
within introns can result in conversion of 5 splice donor sites and/or splice 3’ splice accep-
tor site, potentially altering splicing patterns and leading to the production of alternative
protein isoforms [142,152,153]. Splice site editing may also alter mRNA stability, as seen
in increased stabilization of FAK transcript, promoting tumor progression in lung ade-
nocarcinoma [154]. Additionally, intronic editing can alter biogenesis of circular RNAs
(circRNAs) [155,156]. Similarly, editing within 3'UTR has been shown to impact miRNA
targeting, either by creating or destroying miRNA targets [157,158]. These findings suggest
that severity-specific differences in ADAR editing, including in both coding and non-coding
regions, could contribute to differences in protein stability, as well as in regulatory processes
(such as alternative splicing, mRNA stability, and miRNA targeting) between patients with
critical compared to non-critical COVID-19.

Considering the dynamic and heterogenous nature of ADAR editing between indi-
viduals and disease conditions [44], we identified a set of high-confidence ADAR editing
events, with signatures consistent with that of ADAR-edited sites. While the majority of
these were previously reported sites, a subset of these sites were novel, not previously
reported sites, and may represent editing events specifically induced by SARS-CoV-2 infec-
tion irrespective of disease severity. Notably, we found that many such high-confidence
sites were differentially edited between patients with critical and non-critical disease, indi-
cating that the site-specific editing rates also varies with COVID-19 disease severity. For
instance, we identified differential editing within multiple genes related to SARS-CoV-2
infection and disease severity. One such differentially edited site was within the 3'UTR
of APOL6 (Apolipoprotein L6) gene that has been previously implicated in immune re-
sponses to COVID-19 vaccinations and was proposed to contribute to antiviral defense and
immune regulation [81]. Our identification of differentially edited sites within APOL6 gene
reinforces its significance in SARS-CoV-2-associated immune responses. We also detected a
differentially edited site within DDX6 (DDX DEAD box RNA helicase 6), an RNA helicase
involved in RNA metabolism and p-body formation. DDX6 has been shown to be essential
for SARS-CoV-2 replication. The viral nucleocapsid (N) protein is known to interact with
DDX6 and hijacks it to promote viral replication. This suggests that differential editing
within DDX6 may influence its function or regulation and impact SARS-CoV-2 replication
thereby impacting disease severity [159]. Furthermore, several intronic edits were found
within the BCL2 (B-Cell Leukemia/Lymphoma 2) gene, a key anti-apoptotic gene from
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the intrinsic (mitochondrial) apoptotic pathway. Notably, low levels of BCL2 have been
reported in patients with critical disease (specifically in non-surviving patients), which
is associated with higher cellular damage due to apoptosis. Although the functional con-
sequences of intronic editing remain unclear, it is possible that such edits may influence
BCL2 expression or splicing [160]. We also identified a differentially edited site within
NOP14 gene that results in a non-synonymous edit. Importantly, this editing event was
independent of the expression of the host gene, suggesting that this editing is not simply a
consequence of increased expression. Moreover, Peng et al. [161] had previously identified
the exact site to be differentially edited in patients with lung adenocarcinoma, further
underscoring the importance of ADAR editing at this site in diseases. Differential editing
was also observed in genes previously identified to undergo editing across various diseases.
For instance, editing within PGAMS5 has been associated with heart diseases [162], ITGAX
has been shown to be differentially edited in children with Mycoplasma pneumoniae pneu-
monia [163], NLRC5 has been reported to be edited in the autoimmune condition, primary
Sjogren’s syndrome [164]. The consistent editing within disease related genes indicates that
differentially edited sites identified in our analysis may hold clinical significance.

Overall, this study takes advantage of a deeply sequenced and relatively homogenous
cohort in terms of age and comorbidity status, factors that can impact severity and editing
patterns [17,165,166], thereby enabling a comparison of differences in ADAR editing across
varying severities of COVID-19. Moreover, these patients were sampled during the first
wave of the COVID-19 pandemic in France, indicating the infections were potentially due
to an ancestral SARS-CoV-2 strain [86]. Furthermore, these samples were obtained prior
to widespread use of corticosteroids in COVID-19 treatment. Corticosteroids are anti-
inflammatory drugs known to reduce mortality and morbidity in critical patients [167,168].
However, these drugs are known to influence ADAR editing rates [169]; therefore, sampling
before the use of corticosteroids reduces the risk of treatment related factors confounding
the results. We also would like to point out the relatively high sequencing depth of this
dataset. The reliability of detected RNA editing events is known to increase with the
coverage, and a depth of 80-100 million reads is typically recommended for Illumina
sequencing [170]. Our dataset had an average depth of ~208 million reads per sample,
sufficient to detect editing even within lowly expressed genes.

Nonetheless, despite these strengths, our study also has some limitations. A limitation
of our approach to identifying high-confidence editing sites is that the stringent identifi-
cation criteria we used may have reduced sensitivity for detecting low-level RNA editing
events. While our approach required the sites to be detected by GATK and JACUSA?2 and to
pass further stringent downstream filters, which may have improved the specificity of our
identified editing sites, it also may have excluded biologically relevant but low-level editing
events. However, these filtering criteria were applied consistently across both critical and
non-critical groups, minimizing potential disease group-specific bias. Therefore, while the
number of detected edits could be a conservative estimate of the total edits in each group,
the difference that we identified between the groups reflects comparisons made under
similar filtering strategies. Furthermore, a lack of detailed clinical metadata, including
underlying comorbidities, viral load, and other host factors associated with COVID-19
severity, were not available for all individuals. Therefore, we cannot completely exclude
the possibility that additional clinical variables—including differences in viral load at the
time of infection or that at the time of disease progressing in severity—have contributed to
the observed differences between critical and non-critical groups. Host genetics are also
known to play a very significant role in deciding COVID-19 disease severity; however, the
presence of disease-affecting variants, if any, was not known in these patients. Moreover,
two patients with critical COVID-19 were reported to have anti-type I IFN autoantibodies
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in the parent study [86]; thus, it is possible that this may influence ADAR expression and
downstream editing. The parent study also stated that the presence of obesity alone in the
patients was not considered as an exclusion criteria under comorbidity; however, multiple
studies have identified obesity as a major comorbidity affecting COVID-19 severity and can
also alter editing patterns [171,172]. Furthermore, it should be noted that ADAR editing is
highly variable between tissues, and thus, blood ADAR editing signatures and presumed
downstream effects may not fully represent the physiological changes within other tissues,
especially those in neuronal tissues where editing is highly enriched and expression of the
catalytically inactive enzyme ADAR3 impacts the activity of other two ADARs. Nonethe-
less, our findings show that patterns of ADAR editing could indeed serve as prognostic
and/or diagnostic markers for COVID-19 disease severity.

4. Materials and Methods
Transcriptomic dataset of COVID-19 patients with critical and non-critical COVID-19

In this study, we used deeply sequenced transcriptomic data, with an average depth of
~208 million reads per sample (Supplementary Table S5), from Carapitio et al.’s study [86],
which is publicly available at NCBI GEO under the accession GSE172114 (BioProject
PRJNA722046). Briefly, the dataset includes whole-blood RNA sequencing samples from
69 young patients (under the age of 50), without comorbidities, hospitalized for varying
severities of COVID-19 (confirmed using qRT-PCR test of nasopharyngeal swabs) at a
university hospital network in northeast France from March to April 2020 (first wave of
pandemic in France). These 69 patients were categorized into two groups based on severities
of COVID-19 presentations. The first group consists of 23 patients with non-critical COVID-
19, referred to as those who stayed at a non-critical care ward and may or may not have
required low-flow supplemental oxygen. The second group consists of 46 patients with
critical COVID-19 defined as those hospitalized in the Intensive Care Unit (ICU) due to
moderate or severe ARDS (berlin criteria) and/or requiring high-flow nasal oxygen and
mechanical ventilation due to respiratory failure (Table 1). The group also included patients
who succumbed to the disease. Detailed summary of patient characteristics including drug
and supportive treatments (if used) is available in Carapito et al. (2022), Table 1 [86].

RNA-seq data analysis and identification of RNA editing sites

RNA sequencing dataset of paired end 151 base pairs (bp) long reads from to-
tal RNA, depleted for ribosomal and globin RNA, from Carapito et al. (2022) [86],
were downloaded from NCBI SRA. Quality check, read mapping, and assembly were
performed using the computational pipeline Automated Isoform Diversity Detector
(AIDD) [173]. Briefly, raw FASTQ files were quality-checked using FASTQC version 0.11.5
(https:/ /www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 6 June 2025)).
Following trimming, reads were aligned to GRCh37 (human reference genome Ensembl
build release 75) annotated with splice sites and genomic single-nucleotide polymorphisms
using HISAT?2 version 2.1.0 [174]. On average, approximately 200 million reads were
aligned to the genome (Supplementary Table S5). Stringtie version 1.3.5 [175] was used to
perform transcriptome assembly, the resulting ballgown files with gene- and transcript-level
information were analyzed using a custom bash script to generate gene- and transcript-
level raw count matrices. Both gene and transcript counts were analyzed using DESeq2
(v1.44.0) [87] to identify differentially expressed genes, including ADARs, between critical
and non-critical patients. Genes that met the criteria of an adjusted p-value (padj) < 0.05
and log, Fold Change (log,FC) > 10.58 | were considered differentially expressed. ADAR
isoform expression was measured as DESeq2 normalized counts. FDR correction for multi-
ple testing was performed using the Benjamini and Hochberg (BH) method. Two different
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tools, Genome Analysis Toolkit (GATK) version 3.8.1.0 [176] haplotype caller and JACUSA2
version 2.0.4 [177] were used to identify all potential RNA editing events. GATK analysis
followed the best practice settings, as defined in Plonski et al., [173] to identify putative
ADAR editing sites from the BAM files. Single-nucleotide polymorphisms (SNPs) defined
in NCBI database of SNPs (dbSNP build 138) were filtered out [178]. Java framework
for accurate SNV assessment (JACUSAZ2 version 2.0.4, [177]), filtering out sites with less
than 20 reads, was used to identify putative ADAR editing sites and count the number
of bases observed at each such site. ADAR editing events were defined as substitutions
that included both A-to-G and U (T)-to-C, the latter representing editing events on the
complementary strand, referred here to as T-to-C substitutions. Thus, identified editing
site matrixes were annotated, and their potential functional consequences were predicted
using snpEff variant annotation and effect prediction tool version 4.3t [125] and ANNO-
VAR (https:/ /annovar.openbioinformatics.org/en/latest/ (accessed on 6 June 2025)) gene
symbols using RefGene [179].

Calculation of Alu editing index (AEI)

Alu editing index (AEI) represents the weighted average of all the A-to-G mismatches
within Alu elements to the total coverage of adenosines within a genomic region. Alu
editing indexer method described in Roth et al., 2019 [180], using default parameters on
STAR mapped BAM files as input, was used to determine differences in editing levels
within the Alu repetitive elements, between the two patient groups.

Selection of high-confidence ADAR editing sites and differential RNA editing analysis

High-confidence ADAR editing sites were identified using multiple filters on GATK
version 3.8.1.0 [176] and JACUSAZ2 version 2.0.4 [177] generated VCEF files. First, GATK
and JACUSAZ2 generated VCF files were filtered to include only those A-to-G and T-to-C
substitutions that were identified by both the tools. Furthermore, this only included those
substitutions that were present in at least 20% of all samples and with greater than or
equal to 20 total aligned reads (read coverage), editing level (defined as the proportion
of G reads at a site with an A reference or C reads at a site with T reference) greater than
0.2, less than 0.99 and not between 0.49 and 0.51. The latter filtration was done to include
only sites with at least a 20% editing level at each edited site and to exclude potential
noise, homozygous and heterogenous genomic variants respectively. Further, editing level
filters of >0.2 were used to retain high-confidence editing events and reduce potential false
positives that could be associated with editing sites with low frequency. Similar editing level
filters have been used in previous studies on ADAR editing to identify high-confidence
editing events from RNA seq data [181]. The remaining sites were further mapped to
REDIportal [182], a comprehensive database providing curated collection of ADAR editing
events across multiple tissues including whole blood to identify known ADAR editing
sites. Sites that were not present in REDIportal were classified as novel sites. Next, to
identify differentially edited sites between critical and non-critical patients we applied a
statistical model using the edgeR package (version 4.2.2) [183], as described previously in
Riemondy et al., 2018 [99]. Briefly, for each high-confidence ADAR editing site, we extracted
the reference and alternative base counts from each sample, generating a count matrix
consisting of separate counts for each base per sample. A generalized linear model (GLM)
was then constructed, ~0 + sample_ID + condition:allele, where “sample_ID" accounts for
individual-specific effects, “condition” represents disease severity, and “allele” indicates
reference or alternative base. Dispersion estimates were calculated and the GLM was fit
to the above count data. Differential editing analysis was performed using a likelihood
ratio test (glmLRT) to identify significant differences in edited base count across conditions,
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while controlling for within-sample differences in reference base count. Differentially
edited sites were defined as those with log,FC > 10.58 | and FDR < 0.05.

Enrichment analysis

To identify functionally relevant pathways and biological processes within our gene
list, we performed both overrepresentation analysis (ORA) and Gene Set Enrichment Anal-
ysis (GSEA) using the R package “cluster profiler” (version 4.12.6). ORA was performed
on the list of genes unique to disease severity to identify Gene Ontology (GO) terms and
Reactome pathways enriched within the unranked list of genes. GSEA was performed on
ranked gene lists generated from both DESeq2 analysis (to identify differentially expressed
genes) and edgeR analysis (to identify differentially edited ADAR editing sites). In both
analyses, for GSEA, genes were ranked based on log,FC values, and 1000 permutations
were used to access statistical significance. Gene annotations were provided using the
org.Hs.eg.db human gene annotation database. Pathways with an adjusted p-value < 0.05
were considered significantly enriched and ordered according to enrichment score.

Motif Analysis

Both the novel and known high-confidence ADAR editing sites (A-to-G and T-to-C ana-
lyzed separately) were converted to BED format. BED files were then used with BEDtools [184]
to extract 5 bp upstream and downstream sequence flanking the edited bases from the un-
masked human reference genome (Homo_sapiens.GRCh37.dna_sm.primary_assembly.fa).
The resulting FASTA sequence was then used to generate sequence logos using Weblogo
(version 3.7.12) [185] using a custom bash script.

In silico prediction of effect of missense edits on protein stability

DDMut [96], with AlphaFold2 [95,186] predicted protein structure as input, was used
to predict changes in protein stability caused by the missense edits. DDMut is a deep
learning model that predicts changes to protein stability, quantified as changes in Gibbs
free energy (AAG) in kcal/mol, based on atomic interactions in the wild type and mutant
amino acid residue. A negative AAG value (<0) indicates protein destabilization while
positive AAG (>0) indicates protein stabilization.

Analysis of miRNAs with targets overlapping with differentially edited sites within 3’UTRs

Because editing within 3'UTRs can alter miRNA targeting [43], we examined whether
the differentially edited sites in 3'UTRs are located within known miRNA target regions
using data from TargetScan [100]. All pre-identified miRINA target sites were obtained from
TargetScan (v8.0) by downloading a All_Target_Locations.hf19.bed file from https://www.
targetscan.org/vert_80/vert_80_data_download/All_Target_Locations.hg19.bed.zip (ac-
cessed on 6 June 2025). Differentially edited sites within 3'UTRs were compared to the
miRNA target sites using a custom R script. Genomic coordinates of 3'UTR editing sites
and miRNA target regions were matched using R package GenomicRanges [187].

Random forest and ROC analysis

To assess whether ADAR editing could distinguish between critical and non-critical
patients, we used a random forest (RF) classifier. The ADAR editing matrix containing edit-
ing levels for all the identified differentially edited sites was used as features. Samples were
randomly partitioned to test (70%) and training (30%) and the random forest was trained
on the training data using the randomForest [188] package in R, with 1000 tree default
parameters. Model performance was evaluated using receiver operating characteristics
(ROC) curve and area under the curve (AUC) computed using the pROC package [189].
Editing sites that were most important for classification were calculated using the Mean
Decrease in the Gini index, a measure of variable importance in RF [190]. Additionally,
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site-specific predictive power of a site was calculated using AUC values, where each site
was used as a predictor for binary outcome. Editing sites with AUC >0.75 was considered
to have fair discriminatory power [126].

Statistical analysis of expression and editing data

Statistical analyses were performed in R version 4.2.2 (R Foundation for Statistical
Computing, Vienna, Austria). The Wilcoxon rank-sum test was used to compare the ex-
pression of ADARI isoforms, ADARp110 and ADARp150, as DESeq2 normalized values
between critical and non-critical patients. Pearson’s Chi-squared test with Yates” continuity
correction was used to compare the number of high/moderate or other editing events
between the two patient groups. To examine whether ADAR gene expression is associated
with the total number of ADAR editing events within each patient group, we performed
a linear regression analysis using expression values of all three ADARs in transcripts per
million (TPMs) as the independent variable and total number of ADAR edits within each
group as the dependent variable. The strength and significance of these associations were
assessed using adjusted R? and p-values (<0.05). Statistical analyses and data visualiza-
tion were conducted using the ggplot2 (version 3.5.2), ggpubr (version 0.6.0), and dplyr
(version 1.1.4) packages in R.
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Abbreviations

The following abbreviations are used in this manuscript:

ADAR Adenosine Deaminase Acting on RNA
IEN Interferon

1SG Interferon-stimulated gene

ISRE Interferon-stimulated response element
UTR Untranslated region

SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2
COVID-19 Coronavirus disease 2019
ARDS Acute respiratory distress syndrome
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ssRNA Single-stranded RNA
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