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The roles of nucleic acid editing in adaptation of zoonotic

viruses to humans
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Following spillover, viruses must adapt to new selection
pressures exerted by antiviral responses in their new hosts. In
mammals, cellular defense mechanisms often include viral
nucleic acid editing pathways mediated through protein families
apolipoprotein-B mRNA-editing complex (APOBEC) and
Adenosine Deaminase Acting on ribonucleic acid (ADAR).
APOBECs induce C—U transitions in viral genomes; the
APOBEC locus is highly polymorphic with variable numbers of
APOBECS paralogs and target preferences in humans and
other mammals. APOBEC3 paralogs have shaped the
evolutionary history of human immunodeficiency virus, with
compelling bioinformatic evidence also for its mutagenic impact
on monkeypox virus and severe acute respiratory syndrome
coronavirus 2. ADAR-1 induces adenose-to-inosine (A—l)
substitutions in double-stranded ribonucleic acid (RNA); its role
in virus adaptation is less clear, as are epigenetic modifications
to viral genomes, such as methylation. Nucleic acid editing
restricts evolutionary space in which viruses can explore and
may restrict viral-host range.
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Introduction

The majority of human pathogenic infectious diseases
are zoonotic in origin [1]. These include several of the
deadliest recently emergent pathogens, including
human immunodeficiency virus (HIV), Ebola virus
(EBOV), and severe acute respiratory syndrome

Check for
updates

coronavirus 2 (SARS-CoV-2). The viral and host factors
leading to pathogen spillover are of great medical con-
sequence for global public health but are largely poorly
understood [2]. Owing to climate change, it is expected
that opportunities for viral incursions into human po-
pulations will increase due to novel viral-host encounters
in nature [3]. It was estimated that of the 214 ribonucleic
acid (RNA) viruses known to be able to infect humans
(data from mid-2017) [4], only 26 were human-specific.
Of the remainder with potential zoonotic origins or co-
circulating between hosts, over 80% showed restricted or
nontransmissibility between humans. Viruses that are of
the greatest consequence for public health are therefore
those members of a highly select pool that are both pa-
thogenic and able to sustain long-term transmission
chains within human populations, a short list that is
prominently led by SARS-CoV-2 and HIV-1. Therefore,
it is imperative to better understand the determinants of
post-spillover viral success.

Upon first infection in a novel host, viruses must begin
adapting to the potentially hostile intracellular and ex-
tracellular environment they encounter on infection.
The evolution of an initially poorly optimized virus to a
highly transmissible pathogen can help identify the
general fitness barriers that must be overcome by zoo-
notic viruses for them to succeed in their new host po-
pulation. Most attention to date has been paid to
changes in the viral proteome. For instance, point mu-
tations in the SARS-CoV-2 spike protein can improve
infectivity of new target cells (e.g. S:D614G) and simi-
larly for GP:E82A in EBOV [5,6]. While perhaps less
appreciated, selection for adaptive changes is not re-
stricted to viral proteins and can act on nucleotide se-
quences independently of their coding.

Here, we review a significant nucleotide-selective pressure
that impacts the short- and long-term adaptation of novel
viruses to replication and transmission in humans — direct
nucleic acid editing, principally by innate, immune-acti-
vated antiviral proteins. Direct effects on virus nucleic acids
are part of a wider spectrum of pressures acting on virus
composition, such as suppression of immunoreactive dinu-
cleotides such as CpG (C followed by G) and UpA (U fol-
lowed by A)(reviewed in [7]).

Main text of review
In general, the early adaptive events of most human
pathogens are unknown because spillover occurred
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2 Adaptation of viruses to new host

historically well before the invention and large-scale
deployment of sequencing technologies. For that reason,
this review will largely focus on recently emergent or
reemergent zoonotic viruses, such as SARS-CoV-2 and
monkeypox virus (MPXV). It is important to note that
these selective pressures necessarily acted on currently
circulating pathogens at the time of early adaptation
even without human observation. In some instances,
indirect evidence of these selective pressures can be
identified bioinformatically, as will be discussed later,
based on deviations from random (statistically ‘ex-
pected’) nucleotide and dinucleotide distributions.

Nucleic acid editing

Apolipoprotein-B mRNA-editing complex

The  apolipoprotein-B mRNA-editing  complex
(APOBEC) family is an expansive group of proteins that
deaminate cytidines (C) to uridines (U) in RNA and
single-stranded deoxyribonucleic acid. The family has
extant members throughout the tree of life and may
have been present in the last eukaryotic common an-
cestor, although their antiviral function appears to
be more recently emerged [10,11]. In humans, there are
eleven APOBEC proteins: APOBEC1, APOBEC2,
APOBECS3 (A3A, A3B, A3C, A3D, A3F, A3G, and A3H),
APOBEC4, and activation-induced deaminase (AID).
Placental mammals contain orthologs of all human
APOBEC proteins with the APOBEC3 subgroup de-
monstrating particularly extensive diversification (re-
viewed in [12]). Functionally, APOBEC proteins
deaminate specific nucleotides based on the surrounding
base context (sequence preference) and the presence of
secondary-structure elements (structural preference)
(‘Table 1). These sites are often referred to as deami-
nation hotspots in the literature.

Some members of the APOBEC family play roles in
cellular mRNA editing to modulate gene expression; an
APOBEC1-mediated C—U mutation of the ApoB
mRNA produces a UAA stop codon and truncation of the
encoded Apolipoprotein-B protein version of ApoB48
with a modified biological function [13-16]. AID is an
essential component of the vertebrate adaptive immune
system. Genomic DNA editing and the activation of
mismatch repair mechanisms induces somatic hy-
permutation of immunoglobulin genes, thereby gen-
erating the wide antibody repertoire required for
pathogen recognition and affinity maturation [17-21]. In
addition to these cellular roles, members of the
APOBEC family have evolved a range of functions in
innate immunity, particularly among members of the
APOBEC3 subgroup. Their expression is interferon
(IFN)-inducible with antiviral activity governed by
deaminase-dependent and -independent pathways [10].

Table 1

Deamination context preferences of human APOBEC proteins.

Name Sequence context Structural context (DNA/RNA)
APOBECH1 5'-AC-3’ n.d./n.d.

AID 5’-WRC-3’ n.d./n.d.

A3A 5'-TC-3' Open//oop

A3B 5'-TC-3' Open/n.d.

A3C 5'-TC-3’ Open/n.d.

A3D 5'-TC-3' Open/n.d.

A3F 5-TC-3’ Open/n.d.

A3G 5'-CC-3’ Open/loop

A3H 5'-TC-3’ Open/n.d.

Adapted from Ratcliff and Simmonds [10].

APOBEC2 and APOBEC4 do not have defined sequence context
preferences and are excluded from this table. Structural context
preferences for APOBEC3 proteins as described for DNA in
McDaniel et al. [47] and for RNA in Sharma and Baysal [48]. W = A/T,
R = A/G, n.d. = not determined. For structural context, ‘open’ sig-
nifies outside of a defined secondary-structure element (e.g. stem,
loop, and bulge).

While APOBEC3 proteins are well-known for their
ability to induce lethal mutagenesis in HIV, they can
also hypermutate retroelements and DNA viruses [10].
Over many generations, APOBEC activity leads to the
fixation of beneficial, neutral, and slightly deleterious
C—"T- driven substitutions, these progressively deplete
genomes of preferred deamination sites (5"TC-3’ and 5'-
CC-3') and decrease their overall total G+C content.
Some researchers have taken advantage of this loss of
preferred dinucleotides (e.g. 5'-TC-3" and/or 5'-GA-3')
to detect the ‘footprint’ of APOBEC activity in RNA
viruses, DNA viruses, and retroelements [8,9,22]. For
SARS-CoV-2, the accumulation of C—U substitutions
has been particularly apparent due to the availability of
an unprecedented number of high-quality full-genome
sequences of SARS-CoV-2 strains throughout the pan-
demic, and an intrinsically low overall substitution rate
that might otherwise mask editing-induced changes
[9,10,23]. After over two years of evidence for APOBEC-
driven hypermutation in SARS-CoV-2 being limited to
bioinformatic analyses, the first experimental evidence
for this phenomena was recently published by Nakata
et al. (2023) [24]. In their study, overexpression of
APOBEC3A, but not other APOBECs, induced low le-
vels of C—U changes in viral RNA, although it is unclear
that the proportion of these reached consensus. Im-
portantly, the C—U mutations observed in that study
match the structural and sequence context preferences
for APOBEC3A in human mRNA transcripts described
in Sharma et al. (2015) [25].

The site preference of APOBEC-associated editing ne-
cessarily restricts the evolutionary space available for
human-infecting viruses to sample, with mutations that
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introduce additional preferred deamination sites likely
to be purged by APOBEC activity. Indeed, sites whose
deamination fails to be fixed may represent strongly
targeted locations where viruses are unable to tolerate
C—U transitions because of phenotypic effects from
associated amino acid substitutions, or interruption of
RNA secondary structures encoded within the genome.
If these are in locations encoding proteins or RNA sec-
ondary structure, they may provide a starting point for
antiviral drug development.

A challenge in interpreting the relevance of nucleic acid
editing to pathogen spillover is the limited knowledge of
the antiviral APOBEC activity in nonhumans.
Lentiviruses encode viral infectivity factor (Vif) to an-
tagonize APOBEC restriction; these proteins are found
in retroviruses that infect humans [26], nonhuman pri-
mates [27], felines [28], and even-toed ungulates
[29-31], strongly suggestive of a conserved evolutionary
requirement to evade APOBEC hypermutation in these
diverse mammalian species. Indeed, lentiviruses in-
fecting odd-toed ungulates do not contain Vif and avoid
APOBEC restriction through a novel mechanism [32].
For these nonhuman APOBECs, site preferences are
largely undescribed. In rodents, several studies point to
an APOBEC3 sequence context preference of 5'-WYC-
3’, although the evidence is mixed for specific -1 and -2
preferences [33,34].

During the 2022/23 outbreak of clade IIb of the large
dsDNA MPXV, the observed overabundance of
TC—-TT and GA—AA substitutions relative to historical
samples has been suggested to be due to the action of
human APOBECS3 [35]. Reconstructing the evolutionary
history of the clade-IIb and clade-IIa phylogenies re-
vealed an APOBEC-driven signal on the former only; for
clade IIb, 91% of mutations were C—'T or G—A versus
only 13% for clade Ila. Further, 93% of the observed
APOBEC-like mutations for clade IIb were in APO-
BEC3’s preferred sequence context. The clade-specific
evolutionary history is strongly suggestive of active
APOBEC-driven hypermutation in the host or reservoir
species for MXPV clade IIb over the last five years. The
ongoing and progressive accumulation of TC-TT
changes detected in currently circulating lineages of
MPXYV during the 2022 human outbreak lends further
support to a direct role of human-to-human transmission
on the MPXV sequence change [36]. Overall, this mu-
tational spectra provide evidence of sustained, un-
documented transmission of MPXV in human
populations since approximately 2017. We direct
the readers to O’ Toole et al. (2023) [35] for an excellent
discussion of the potential evolutionary consequences of
APOBEC-driven hypermutation on MPXV.
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The apparent lack of an APOBEC signal in clade ITa and
clade I supports the traditional reservoir host (currently
assumed to be African rodents) not having the capacity
for APOBEC-driven hypermutation of viruses or MPXV
being able to antagonize the pathway in that host (but
not in humans). This raises the question as to whether
APOBEC activity can act as a barrier to cross-species
transmission. For primate and feline lentiviruses,
APOBECGs are known to impact host species range (due
to an inability for the respective lentivirus Vif proteins to
antagonize novel host species’ APOBEC proteins)
[27,28]. Whether APOBECs play a more general role in
determining host range for viruses remains unclear and
needs further investigation (i.e. does knocking out
APOBEC expression in mammalian cell lines make
them more permissive to in vitro infection by nonhuman
infective viruses?).

Adenosine Deaminase Acting on ribonucleic acid

Adenosine Deaminase Acting on ribonucleic acid
(ADAR) is a family of RNA editing enzymes that cata-
lyze adenose-to-inosine (A—1I) editing in dsRNA [37].
Inosine is read as cytosine by ribosomes and viral RNA-
dependent RNA polymerases, leading to protein di-
versity if induced on transcripts and A—G transitions if
induced on viral genomic RNA. Humans have three
ADAR proteins (ADAR-1, ADAR-2, and ADAR-3), of
which ADAR-1 is IFN-inducible and the focus of this

section.

ADAR-1 activity can be either proviral or antiviral, de-
pendent on the infecting virus and host cell and whether
viral or host RNAs are being edited [37]. While the ef-
fects of cellular mRNA editing may be induced by any
virus (including dsDNA viruses) that provokes a cellular
IFN response, editing of viral RNA sequences by ADAR
is limited to those virus groups that replicate through a
dsRNA phase, and where the RNA replication inter-
mediate is accessible within the cytoplasm where ADAR
is expressed. In general, dsRNA is thought to be an
activator of multiple intracellular innate immune path-
ways [38], and many RNA viruses occlude the dsRNA
through a variety of methods. In contrast to APOBEC,
sites of ADAR-1-induced A—1 editing are not known to
occur preferentially in specific favored sequence con-
texts within dsRNA substrates [39]. Therefore, the
‘evolutionary footprint’ left by ADAR-1 activity is solely
the progressive loss of adenines; detecting this change
bioinformatically is more difficult than for APOBEC.

ADAR-induced hypermutation of viruses or viral tran-
scripts is ubiquitous throughout the kingdom animalia;
there is even evidence of A—I editing by ADAR-1 of
Ostreid Herpesvirus-1 transcripts during replication in
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Nucleotide modifications induced by APOBEC, the RNA methyltransferase complex, and ADAR. (a) Deamination of cytidine to uracil by APOBEC3
inducing a C—U mutation in the preferred sequence context of 5'-UC-3’. (b) m6a RNA methylation in an example of the DR(mA)CH sequence context.
Other, nondepicted epitranscriptomic changes include cytosine and ribose methylation and conversion of uridine to pseudouridine. (c) ADAR-1-driven
A—1 substitutions in dsRNA leading to destabilization of the RNA secondary structure as inosine, similar to guanine, preferentially pair with cytosine.
Also depicted is the strand-specific impact of A—1| substitutions on viral evolution.

pacific oysters [40]. As such, any differential impact of
ADAR-1 in different host species will likely be due to a
virus’ inability to evade or antagonize the ADAR-1
pathway, either directly or through downregulation of
the cellular IFN antiviral response (impacting both
ADAR-1 and APOBEC3 in humans). The ability of
emergent SARS-CoV-2 variants of concern to antagonize
the IFN pathway in humans to a greater degree than the
ancestral strain, demonstrates this is a characteristic that
can be gained as viruses adapt [41].

Ribonucleic acid modifications

Biochemical modifications to mRNAs beyond changes to
their nucleotide sequences in the cellular epitran-
scriptome have been hypothesized to be functionally
relevant for cellular gene expression since the 1970s.
The effects and functional importance of comparable
RNA modifications in the genomes of RNA viruses on
their cellular interactions and replication, has recently
become an area of active research [42], facilitated by the
advent of sequencing technologies that can report nu-
cleic acid methylation status, such as Oxford Nanopore
[43]. In human cells, viral transcripts may be subject to
the whole host of modifications encountered on cellular
RNA sequences, including methylation of adenosines
(m6A, m1A) or cytosines (m5C), ribose methylation in
tRNAs (2'-O-methylation), and conversion of uridine to
pseudouridine [42,44,45]. These modifications largely
occur in specific sequence contexts (e.g. DR(mA)CH for

mb6a, where D=A, G,orU; R=GorA;and H=A, C, or
U) [42]. As such, selection can act on these modifica-
tions; substitutions leading to proviral modification will
be selected for, while those leading to antiviral mod-
ifications will be selecting against. Post-transcriptional
RNA modifications represent another dimension lim-
iting the evolutionary space that a virus can explore and
different modification pathways in different species may
impact host range.

Despite the many potential effects of RNA editing on
virus gene expression and cellular recognition, its scope
to contribute to host adaptation appears limited. Owing
to the high degree of conservation of RNA modification
machinery among mammals [46], epigenetic modifica-
tions of RNA are unlikely to play a significant role in
zoonotic virus host range, irrespective of their other
potential functional effects. Further, unlike A—1I or C—
U editing, there currently is no evidence that post-
transcriptional modifications induce substitutions that
can be passed on to progeny viruses. While a young field
with interesting potential to define viral RNA regulation,
its impact on characterizing viral evolution is as of yet
unclear.

Conclusions

"This review highlights the potential roles of nucleic acid
editing and epigenetic modifications on restricting or
modulating virus gene expression and fitness. Overviews
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of these mechanisms are presented in Fig. 1. While
epigenetic modification pathways are highly conserved
across all animal groups and may not confer host speci-
ficity, an ability of a virus to successfully evade the an-
tiviral effects of the more genetically and structurally
variable ADAR-1 and particularly APOBEC family
members may require a substantial degree of short- term
adaptive changes to successful replication in a new host.
The recent observations of TC—TT editing in MPXV
and the excess of C—U substitutions in SARS-CoV-2
genome sequences flags up the intriguing possibility that
these have arisen so prominently because the viruses are
unable to counteract genome editing by APOBEC or
related cellular defense editing pathways of a new host.
A compelling parallel might be host specificity of HIV-1
and other lentiviruses, which depends, in part, on the
development of effective evasion strategies for the po-
tent host defense protein, tripartite motif-containing
protein 5 (TRIMS5a) [36]. This binds to incoming ret-
roviral capsids and prevents initiation of reverse tran-
scription, and as with APOBEGCs, an ability to evade or
counteract its antiviral effects represents a major host
range determinant. Although anti-APOBEC evasion
pathways are poorly characterized functionally, the mu-
tational signatures observed in MPXV and SARS-CoV-2
genomes may be a reflection of a similar failure to fully
counteract APOBEC-mediated editing in the ‘wrong’
host. Furthermore, the observation that the APOBEC
locus is highly variable, with major differences in the
numbers and target specificities of paralogs of
APOBEC3 between mammalian species and evidence
for strong positive selection for sequence diversification
[37], lends further support to the idea that it may be
involved in a highly active arms race with viruses, with
progressive functional changes in APOBEC3 to maintain
antiviral activity against DNA and RNA viruses.

In the future, experimental investigation of the effects
of APOBEC expression and other mediators of virus
genome editing on determining host range in cell cul-
ture, and the use of deep sequencing analysis to compare
site editing frequencies on virus passage in cell lines
from different hosts (e.g. bat, rodent, and primates), will
provide insights into its role in cellular antiviral re-
sponses and the degree to which it can shape the short-
and long-term evolutionary trajectories of vertebrate
viruses.
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