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SUMMARY SARS-CoV-2, the etiological agent responsible for the COVID-19 pandemic,
is @ member of the virus family Coronaviridae, known for relatively extensive (~30-kb)
RNA genomes that not only encode for numerous proteins but are also capable of form-
ing elaborate structures. As highlighted in this review, these structures perform critical
functions in various steps of the viral life cycle, ultimately impacting pathogenesis and
transmissibility. We examine these elements in the context of coronavirus evolutionary
history and future directions for curbing the spread of SARS-CoV-2 and other potential
human coronaviruses. While we focus on structures supported by a variety of biochemi-
cal, biophysical, and/or computational methods, we also touch here on recent evidence
for novel structures in both protein-coding and noncoding regions of the genome,
including an assessment of the potential role for RNA structure in the controversial find-
ing of SARS-CoV-2 integration in “long COVID" patients. This review aims to serve as a
consolidation of previous works on coronavirus and more recent investigation of SARS-
CoV-2, emphasizing the need for improved understanding of the role of RNA structure in
the evolution and adaptation of these human viruses.

KEYWORDS coronavirus, RNA structure, SARS-CoV-2, epitranscriptomics, evolution Copyright © 2022 American Society for
Microbiology. All Rights Reserved.
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he pandemic brought on by the emergence of the severe acute respiratory syn- The authors declare no conflict of interest,
drome coronavirus 2 (SARS-CoV-2) virus has resulted in over 270 million infections Published 7 July 2022
and 5 million deaths worldwide as of the end of the 2021 year (1). First identified as a
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string of novel pneumonia cases associated with a wet market in the city of Wuhan in
the Hubei province of China late in 2019 (2), the disease now known as COVID-19 has
crippled economies and disrupted societal equilibrium across the globe. Although the
development of multiple vaccines has increased our capacity to curb the pandemic,
the continual emergence of variants of concern (VoCs) during the last year likely
presents a looming obstacle to eliminating completely the spread of COVID-19. This
issue was more recently illuminated following the emergence of the Omicron variant
(B.1.1.529) in South Africa in November of 2021, which exhibited numerous mutations
associated with enhanced transmissibility, according to the Centers for Disease Control
(3). The emergence of the Omicron variant, as well as the potential emergence of
future variants, has accentuated the need for further surveillance and investigation to
understand changes to the SARS-CoV-2 RNA genome in concert with alterations to
disease pathology. Although proteins such as Spike have been continuously at the
forefront of SARS-CoV-2 monitoring, the often unrecognized noncoding regions and
structures within the RNA genome of the virus have been demonstrated to be critical
to various viral functions and may play a role in the emergence and continued adapta-
tion of the virus.

The ability of RNA to fold and form stable structures is critical to survival of RNA viruses
in general, with elements of RNA structure playing roles ranging from transcription to
packaging and interactions with the host cell. Whereas RNA can exist as a single-stranded
molecule, it can also adopt secondary, tertiary, or even quaternary higher-order structures,
similar to proteins, through a variety of base-pair interactions (4-8). Small molecule inhibi-
tors have a history of successful use in targeting specific viral RNA structures in the preven-
tion of infection in vitro and in vivo (9-13). RNA structures that make attractive therapeutic
targets are conserved in nature and do not exhibit structural homology with the host that
would pose a threat in the form of significant off-target effects (14). The use of RNA struc-
ture inhibitors is best exemplified in small-molecule studies inhibiting human immunodefi-
ciency virus (HIV) infection (15, 16), the most extensively studied RNA virus to date (17).
The HIV genome was also recently hypothesized to contain a significantly greater number
of RNA structures than previously thought using selective 2'-hydroxyl acylation analyzed
by primer extension (SHAPE) mapping (18), revealing numerous additional potential tar-
gets within otherwise protein-coding regions of the genome. However, it remains to be
seen whether these additional RNA structures could be targeted by inhibitors given evolu-
tionary evidence (18) and bootstrap analysis of experimental SHAPE data (19), both of
which posit a high level of uncertainty around the majority of these proposed RNA
structures.

Chemical probing methods, such as SHAPE, rely on the treatment of RNA with a rea-
gent that will selectively modify specific RNA nucleotides, typically either via cleavage
of the RNA or via adduct formation; the reactivity of the reagents with each nucleotide,
which is the measurement of interest, depends on accessibility as a consequence of
the presence or absence of RNA interactions with other ligands. For example, dimethyl
sulfide (DMS) modifies unpaired cytosines and adenines via the addition of a methyl
group (20). Alternatively, SHAPE is capable of modifying all four RNA bases (21)
through acylation of nucleotides whose ribose is exposed (22, 23). Although SHAPE
modification is more robust than DMS modification in its ability to modify these addi-
tional bases, thus providing additional raw data DMS cannot, benchmarking of DMS
and SHAPE modifications to determine RNA secondary structure demonstrated compa-
rable or even improved error rates for DMS compared to SHAPE (24). This result is likely
due to the fact that nucleotides engaged in noncanonical base pairing may be inacces-
sible to SHAPE modification but remain accessible to DMS modification (24). Thus,
although SHAPE is considered the “gold standard” for experimental detection of RNA
secondary structure (25), it may be beneficial to combine DMS and SHAPE data in order
to increase the accuracy of certain RNA secondary structure algorithms (24). However,
that is not to say that either method is without drawbacks: the false positive rate of
these methods can be attributed to aberrations in environmental conditions and
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reagents relative to the conditions within the cell, to which RNA structures can be particu-
larly sensitive (26). Transient structures can also form in certain conditions and so may not
reflect legitimate in vivo structural formations or may form a range of alternating structures
across an equilibrium of possible RNA structure conformations, which may confound RNA
structure analysis searching for a single consensus structure (18). With respect to the for-
mer, more appropriate probes in SHAPE mapping have been designed for RNA structure
determination in living cells (27); however, these agents vary in cellular permeability,
potentially resulting in the opposite effect: a high rate of false negative detection (25).
SHAPE-MaP and in vivo click SHAPE (icSHAPE), which utilize next generation sequencing
for high-throughput analysis of heterogeneous populations (27, 28), result in a population
average of probe reactivities, though they cannot distinguish distinct conformations and
their frequencies within a population of homologous sequences (e.g., virus strains). In the
case of icSHAPE, the addition of a biotin moiety to each RNA base that is SHAPE-modified
permits enrichment for this modification, thus specifically isolating structured and/or
modified RNA for downstream sequencing (27); however, icSHAPE reactivities in vivo can
be affected by protein binding to target RNA (29). Additionally, given that any sufficiently
long RNA will form some degree of secondary structure, even if transient (30), it is impor-
tant to distinguish signal from noise to determine biologically relevant structural forma-
tions (28). To this end, SHAPE-MaP data can be analyzed in the context of Shannon
entropy data whereby regions of both low reactivity and entropy indicate the presence of
sustained RNA structure (as opposed to highly flexible), which can be interpreted as bio-
logically relevant (28). While the presence of RNA structure can be inferred via molecular
probing and Shannon entropy measurements for a single molecule, viruses can exhibit a
high degree of sequence heterogeneity, calling into question the prevalence of a given
structure within a sample or population. Combining these data with an additional layer of
a priori evolutionary knowledge (18, 31, 32) can aid in the development of an enhanced
understanding of” druggable” RNA structures.

For RNA viruses, highly structured RNA regions are often associated with significantly
less nucleotide variation than regions of RNA that lack structure, evident of the deleterious
effects of nucleotide mutations and the selective pressure to maintain an RNA structure-
function relationship. Because viruses are limited in molecular size, they are also limited in
genomic size; RNA viruses have thus evolved to utilize the latter efficiently, with the same
genomic subregion often accommodating multiple protein open reading frames (ORFs),
as well as RNA structures. In order for mutations in these regions to survive, they must
maintain all of these coding functions to a certain extent and can thus often be highly del-
eterious. However, strict conservation in highly functional RNA structures is not always
observed (18, 31), as function can be maintained through evolution of the linear nucleo-
tide sequence in the form of compensatory, or covarying, changes. In the instance that a
single nucleotide change is either deleterious or reduces fitness of the virus, a second,
compensatory change acting to restore amino acid interactions at the protein level, or nu-
cleotide base-pair interactions at the level of the RNA structure, can restore function.
Similar to HIV (33-36), several coronavirus RNA elements have been well characterized
using the experimental approaches described above and exhibited a high degree of con-
servation; however, as we describe herein, the SARS-CoV-2 RNA genome has proven to be
highly dynamic, whereby multiple conformations and functions, such as alternative
higher-order RNA structures and long-range interactions, are able to coexist (37), some of
which have been maintained through compensatory mutations. The conserved structural
regions, whose roles in coronavirus replication are well characterized, as well as those less
understood and perhaps unique to SARS-CoV-2, are described in this review in the context
of the past, present, and future evolutionary history of the virus and importance in light of
global viral dynamics and therapeutic strategies.

THE REGAL VIRUS FAMILY AND ITS RNA GENOME ARCHITECTURE
The Coronaviridae family of viruses is characterized by a positive-sense, single-
stranded, nonsegmented RNA genome capable of infecting mammals and birds
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FIG 1 Graphical representation of SARS-CoV-2 genome architecture emphasizing CoV RNA structures reviewed herein.

throughout the world (38). The most prominent Coronaviridae subfamily, Orthocoronavirinae,
is further divided into four genera: Alpha-, Beta-, Delta-, and Gammacoronaviruses (38, 39).
Clinically relevant CoVs with regard to human health are found in the Alphacoronavirus and
Betacoronavirus genera, collectively encompassing seven CoVs known to infect humans (40).
The appearance of SARS-CoV-1 (a Betacoronavirus in the subgenus Sarbecovirus) as the causa-
tive agent of the SARS outbreak in 2003 marked the establishment of known CoVs associated
with severe respiratory complications that contributed to epidemics in human populations
(41). SARS-CoV-1 and SARS-CoV-2 share <80% percent of their genomes (42), on the basis of
which SARS-CoV-2 was deemed to be genetically distinct and thus a new human
pathogen within the genus Betacoronavirus (43). The most closely related known CoV
to SARS-CoV-2 is the bat coronavirus RaTG13, sharing 96.2% genetic similarity to
SARS-CoV-2 (44), whereas the second most closely related sample lineage is that
belonging to the pangolin (pangolin-CoV-2019) (45), both of which are highly sus-
pect in the contribution to coinfection and multiple recombination events that
resulted in the emergence of the unique SARS-CoV-2 genome (46).

The SARS-CoV-2 RNA genome (reference sequence NC045512.2 used throughout
this review) is approximately 29.9 kb in length, standard for CoVs, and is organized for
the efficient production of proteins involved in replication following entry into the
host cell (47, 48) (Fig. 1). The genome contains a 5’ cap, or N7-methylguanine (m’G)
moiety, preceding the 5’ untranslated region (UTR), which is a critical structure for RNA
stability and translation and common among RNA viruses. This moiety is followed by
the open reading frames (ORF) ORF1a and ORF1b, which together encompass approxi-
mately two-thirds of the RNA genome (Fig. 1). The protein products of this first region
are required for the assembly of the RNA-dependent RNA polymerase (RdRp), which is
responsible for both replicating the genome and transcribing the subgenomic RNA
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(sgRNA). As with other CoVs, the genome contains a 3’ UTR followed by a poly-adeny-
lated [poly(A)] tail (49) (Fig. 1). Aside from ORFs 1a and 1b, the SARS-CoV-2 genome
contains 12 additional ORFs encoding for 29 proteins, including 4 structural proteins
and a series of well-characterized accessory proteins, and putative proteins for which
the function remains unknown (47, 50-52). RNA structure characterization has largely
remained in the regions of the UTRs, as the majority of the SARS-CoV-2 genome is
comprised of protein-coding RNA. However, the existence of conserved RNA structures
in protein-coding regions in other viruses and availability of high-throughput methods
for RNA secondary structure exploration have prompted the investigation of multifunc-
tional RNA throughout the genome (53, 54), revealing potential additional RNA struc-
ture candidates that may be required for novel functions in distinct viral lineages (e.g.,
VoCs).

UNTRANSLATED, YET NOT UNEXPLORED

The dense population of RNA structures located within the 5" and 3" UTRs (Fig. 1)
have been well characterized based on a combination of analyses using the linear
sequence, secondary and tertiary predicted structures, and biochemical experimenta-
tion. These regions remain highly conserved among CoVs and are home to primarily
cis-acting structures, defined as RNA elements that regulate the activity of the RNAs in
which they reside (55), which are critical components of viral replication (56, 57). Many
of these structures have been identified as a result of defective interfering (DI) RNA
experiments. DI RNAs are erroneously generated during viral replication and are
derived from the parental virus genome but lack the capacity for replication, thus rely-
ing on host cell or coinfecting viruses for replication machinery (58). Mutational studies
using DI RNA have thus been useful in determining the cis-acting genomic compo-
nents necessary for this function, particularly in CoV research using the Mouse
Hepatitis Virus (MHV) model. MHV is a useful model, discussed throughout this review,
because it belongs to the Betacoronavirus genus with SARS-CoV-1 and SARS-CoV-2
(although of the subgenus Embecovirus) and is a safer and more accessible virus
(requiring biosafety level 2 rather than biosafety level 3, as with SARS-CoV-1 and SARS-
CoV-2).

THE MULTIPLE FACES OF SL1

The 5’ UTR region is comprised of five distinct stem-loop structures (SL1 to SL5)
that collectively play critical roles in RNA transcription, translation, and replication (Fig.
1 and 2). SL1 is approximately 27 nucleotides in length (positions 7 to 33 in the SARS-
CoV-2 genome) and is universally present in the 5’ UTR of CoVs, though it is unique in
that it demonstrates low thermodynamic stability (59). This diminished stability is
attributed in part to the prevalence of adenine (A)- uracil (U) base-pair interactions
within the stem region, which harbor fewer hydrogen bonds than guanine (G)-cytosine
(C) pairs (59). The enrichment of adenine and uracil in the RNA genome is not isolated
to SL1, nor to the Coronavirus family. APOBEC3 (apolipoprotein B mRNA-editing
enzyme catalytic polypeptide-like 3) proteins function to deaminate cytosines in mRNA
(mRNA), resulting in an abundance of uracils that can disrupt viral RNA function.
APOBEC3 has been found at high levels in the lung (60), where Betacoronaviruses pref-
erentially replicate within the host (61). Moreover, temporal analysis of SARS-CoV-2
evolution has shown an increase in C-to-U genome mutations during the first 4
months following the first appearance of SARS-CoV-2, suggesting adaptation to
APOBEC-mediated deamination and human infection (61, 62). The presence of a
bulged adenine at the base of SL1 also contributes to the instability of the stem in
MHV (position 35) (63). This destabilizing adenine was shown in MHV to be under rela-
tively strong purifying selection; the emergence of mutations increasing stability in the
stem region led to nonviable viral products owing to a significant decrease in synthesis
of sgRNA, whereas mutations that rescued the instability in the stem maintained
sgRNA production (64). Additionally, although the deletion of this site (similarly
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resulting in increased stability) was permitted, compensatory mutations were observed
in virus rescuing SL1 stem instability as well as sgRNA synthesis (64). SARS-CoV-2 simi-
larly contains a bulged adenine at position 27 (63), providing further evidence of a
functionality ascribed to this small interference in the stem. The SL1 loop of SARS-CoV-
2 was, however, originally described to contain two bulged nucleotides (A27 and C28)
(63, 65) and an additional adenine bulge at residue 12, but this specific pattern is not
consistent across differing variants of SARS-CoV-2 (65). Whether or not the heterogene-
ity in SL1 structure across variants contributes to differences in infectivity is unclear. As
with other labile structures such as psi in HIV (66), the presence of these atypical inter-
actions and relatively low stability has enabled SL1 in subgenuses Embecovirus and
Buldecovirus to adopt multiple structural conformations with various functions, though
this conformational change has been less investigated for SARS-CoV-2. One of these
conformations is believed to permit long-range interactions between the 5’ and 3’
UTRs (64). Naturally arising compensatory mutations in MHV SL1 described above
cooccurred with one of two mutations in the 3’ UTR, either A303G or A244G (counting
from the 5" end of the MHV 3’ UTR), providing additional evidence in support of an
interaction between the two regions (64), though its role in SARS-CoV-2 replication
remains unclear.

The SL1 region is critical for the translation of both gRNA and sgRNA across CoVs;
specifically, the apical stem region of SL1 has been identified as being sufficient to pro-
tect SARS-CoV-2 viral mRNA against the suppression of mRNA translation by viral Nsp1
(67). Nsp1 is encoded by both Alphacoronaviruses and Betacoronaviruses and functions
in a similar capacity to suppress host mRNA translation by binding to the host 40S ribo-
somal protein subunit (68) and inducing the endonucleolytic cleavage of the 5’ region
of capped nonviral mRNA (69, 70). The ability of SL1 to promote distinct recognition of
cellular and viral mRNA by Nsp1 was first characterized in SARS-CoV-1 (70) but has

September 2022 Volume 86 Issue 3

Microbiology and Molecular Biology Reviews

10.1128/mmbr.00057-21

6


https://journals.asm.org/journal/mmbr
https://doi.org/10.1128/mmbr.00057-21

Molecular Evolution of Coronavirus RNA Structure

more recently been demonstrated in SARS-CoV-2 (71, 72) through observance of inter-
actions between Nsp1 and SL1 (67, 73). Mutations in the apical stem region of SL1 that
disrupt structural formation have also been observed to abrogate protection against
Nsp1-associated inhibition (67). Analyses of binding kinetics and mutational profiling
have further revealed that protection of viral mMRNA is carried out by the interaction of
SL1 with the carboxy-terminal domain of the Nsp1 bound into the mRNA channel of
the 40S subunit (71), resulting in the rearrangement of the Nsp1 carboxy terminal and
displacing it from the mRNA channel (67). The relative position of SL1 (between the 5’
cap and downstream SL2) has also been found to be important for the interaction with
Nsp1, as swapping the positions of SL1 and SL2 within the 5" UTR, or inserting five nu-
cleotides between the 5’ cap and SL1, ablates protection against Nsp1 (73). The
authors of this particular study thus propose a model in which the 5" UTR is involved
in allosterically modulating ribosomal binding, which is predicated on a specific dis-
tance between SL1 and the 5’ cap bound to the Nsp1-40S complex. Specifically target-
ing the 3’ region of SL1 with antisense oligonucleotides inhibited this binding and
SARS-CoV-2 replication, revealing SL1 as a potential therapeutic target for SARS-CoV-2
infection (74). Indeed, intranasal administration of an antisense oligonucleotide (ASO)
therapeutic targeting a region of the SARS-CoV-2 5’ UTR containing SL1 in a human-
ized COVID-19 mouse model resulted in the suppression of viral replication (75). The
ASO specifically targets the stretch of stem following the two bulged nucleotides
described above. A combined chemical probing/sequencing approach referred to as
DMS-MaPseq was used to demonstrate successful ASO-mediated interruption of SL1
structure in a dose-dependent manner (75), presenting it as an ideal candidate for
further human studies. Amiloride-based ligands have also been identified as small mol-
ecule inhibitors targeting the SL1 structure and consequently reducing SARS-CoV-2
replication in infected cells (76), potentially representing a promising therapeutic for
not only SARS-CoV-2 but other coronaviruses given further testing in animal models.

SL2 AND SL3: THE LONG AND SHORT OF IT

Stem loop 2 (SL2), located 11 nucleotides downstream of SL1 in the SARS-CoV-2 ge-
nome, is conserved across all known CoVs and typically contains a 5 base-pair stretch
[5'-(C/U)UUG(U/C)-3" in/near the loop region of all Orthocoronaviruses and 5’-CUUGU-
3’ in MHV] fixed atop a five base-pair helical stem (77, 78) (Fig. 1 and 2). Early nuclear
magnetic resonance (NMR) studies demonstrated the formation of a uridine turn (U-
turn)-like motif, characterized by a UNR sequence (N represents any nucleotide and R a
purine [79]). UNR sequences form a sharp turn in the phosphate backbone (between
the U and N) that is stabilized by interactions formed across the bend (77, 78).
However, it was later demonstrated that the structure of MHV SL2 better fits a uYNMG
(U)a-like or uCUYG(U)a-like tetraloop structure, in which G50 is stacked onto A52, and
U51 is flipped out of the hairpin loop (80). The orientation of U51 was originally
thought to be important in curating the stem-loop’s architecture by acting as a spacer
element (80, 81), a region of RNA that does not have any specific sequence require-
ments but simply functions to spatially coordinate proximal RNA elements, permitting
the stacking interaction between residues G50 and A52 (80). Indeed, mutations U51A,
U51C, and U51G did not appear to impact viability of the virus (80). Alternatively,
replacement of U48 with C48 was predicted to perturb the SL2 structure and ultimately
proved lethal in MHV, resulting in the ablation of synthesis of viral sgRNA, whereas
U48G was predicted to maintain SL2 structure and proved a viable mutation (77).
Intriguingly, replacement of the MHV SL2 stem with the similar, yet somewhat more
stable, SARS-CoV-1 SL2 restores the viability of the otherwise lethal U48C mutation
(80), suggesting increased lability was not heavily selected for in MHV. Similar to MHV,
in SARS-CoV-1 the SL2 apex is constituted by the 5'-CUUGU-3" sequence, which also
adopts a similar 5'-gCUYGc-3’ tetraloop fold and is located atop a 5 base-pair stem
(78, 82). The SARS-CoV-1 structure also contains the flipped-out U51 (82), though dele-
tion of U51 within the SARS-CoV-1 SL2 was viable, suggesting this residue is not
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necessary as a spacer. Although most evidence of conservation stems from analysis of
MHV and SARS-CoV-1, the SL2 of SARS-CoV-2 is structurally and phylogenetically simi-
lar (tetraloop structure with 5'-CUUGU-3" apex sequence atop a 5 base-pair stem) (65).
The stem structure has been demonstrated to be critical to replication in MHV, though
conservation of the linear sequence is not, as mutational analysis shows that main-
tained base-pairing along the stem, regardless of the interactions (i.e., AU versus GC),
results in viable production of virus (77, 78). SL2 is thus highly permissible to plasticity
in sequence but not structure. Despite this evidence, SL2 is the second most conserved
region of the CoV 5’ UTR (83) (e.g., MHV and SARS-CoV-1 differ only by two nucleotides
[80]). Given the experimental evidence suggesting a constraint on structure rather
than sequence, the lack of frequent compensatory mutations in this region is unclear
and may suggest an alternative function for this structure that relies on additional
interactions requiring another layer of evolutionary constraints. The maintenance of
SL2 structure in the absence of specificity for sequence has also been demonstrated in
Alphacoronaviruses, wherein mutational analysis of the HCoV-229E SL2 stem region
demonstrated the essential maintenance of overall base pairing, regardless of the spe-
cific bases involved, with the exception of a GC base pair located at the base (position
47) (84). For MHV, replacement of this particular residue with any nucleotide largely
does not impact viability (80), nor do substitutions of U49C and U49G (the first U in the
UNR motif); however, G50A and G50C do negatively affect viral replication (80), empha-
sizing the importance of the G50-A52 stacking interaction within the tetraloop. Owing
to the conservation of these two nucleotides and the evolutionary conservation of an
overall hairpin structure, as well as the imperative function, SL2 would seem to act as a
suitable drug target. However, there currently exists no small molecule inhibitor target-
ing this particular tetraloop motif, and a predictive analysis of small molecule inhibitors
of SARS-CoV-2 RNA secondary structures revealed no potential candidates for molecu-
lar inhibitors (85). The lack of inhibitors for SL2 is likely owing to its small size, as RNA
molecules comprised primarily of secondary structure (in the absence of tertiary struc-
ture) contain small or shallow pockets. While it is still theoretically possible to target
specific motifs in these structures, doing so presents challenges in much the same way
as targeting the shallow grooves that characterize many protein-protein interactions
and is thus a high-risk endeavor (86).

Similarly small, SL3 is comprised of a 15 nucleotide-length hairpin structure found
in some Betacoronaviruses, notably SARS-CoV-1 and SARS-CoV-2, as well as bovine co-
ronavirus (BCoV) and Gammacoronaviruses (83), and is located only one nucleotide
downstream of SL2 in SARS-CoV-2 (Fig. 1 and 2). SL3 in these groups contains within
its structure the leader transcriptional regulatory sequence (TRS-L), which is critical to
the generation of sgRNA (78, 87). For SARS-CoV-2, this sequence is located in the 3’
region of the SL3 stem (59, 88). Distinct from SL1 and SL2, SL3 is involved in multiple
long-range RNA interactions (37) and is actually not present in MHV (81, 89) or Middle
East respiratory syndrome CoV (MERS-CoV) (90). The MHV TRS is found in a generally
unstructured region; as such, unlike SL2, TRS for SARS-CoV-1 and MHV are noninter-
changable (91). In other Betacoronaviruses, including SARS-CoV-2, the function of SL3 is
the enhanced presentation of the TRS-L sequence for base pairing with the down-
stream TRS body (TRS-b) sequence regions found at the beginning of each gene and
necessary for the generation of the sgRNA (92, 93). This process involves the discontin-
uous transcription of the negative strands of the sgRNA, whereby the RdRp will begin
at the 3’ end of the genome and transcribe until reaching a TRS-b region, upon which
the RdRp will, with some frequency, dissociate from the positive-sense genome tem-
plate and reprime at the interacting TRS-L region in order to incorporate the 5'-leader
(first ~70 nucleotides) sequence to the sgRNA (57, 94). Another long-range interaction
involving SL3 occurs with a triple-helix junction found in the 3" UTR (discussed in more
depth below). A technique utilizing cross-linking of base-paired RNAs in tandem with
deep sequencing (95) to uncover long-range RNA-RNA interactions applied to the
SARS-CoV-2 genome demonstrated that the complete disruption of each of these two
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structures, required for the formation of this long-range interaction, results in the sta-
ble circularization of the SARS-CoV-2 genome (37). Additionally, mutational profiling
with DMS has shown that residues within the SL3 stem display medium reactivity
profiles, suggesting that SL3 readily alternates between folded and unfolded confor-
mations in the context of the whole SARS-CoV-2 genome (88). The ability of SL3 to dis-
sociate and reform this differing structure explains why SL3 itself is not stable at 37°C
(77, 78), rendering it difficult to target therapeutically (59, 83, 90). SL3 is indeed not
predicted to be efficiently targeted by small molecule inhibitors (76, 85), though this
may also be due to its small stature.

SL4: STABILITY THROUGH EVOLUTIONARY INSTABILITY

As it has been alluded to, linear sequence conservation is not directly related to struc-
tural importance, as rapid evolving viruses can rely on compensatory mutations to main-
tain function, whether they occur simultaneously or are separated by a less stable, yet
viable intermediate structure. SL4 is one such structure that falls into this category: com-
posed of a relatively stable, long hairpin, which is commonly referred to in terms of the
lower (SL4a) and upper stem (SL4b) regions. Combined, the SL4 stem has been recorded
as variable lengths but is composed of approximately 44 nucleotides for SARS-CoV-2 (Fig.
1 and 2) and is conserved to some extent among Betacoronaviruses (83, 96) (particularly
between MERS-CoV, SARS-CoV-1, and SARS-CoV-2). Unlike SL2, however, SL4 undergoes
frequent coevolutionary changes, specifically among three base pairs within the stem
region: R90-Y121, R97-U115, and G101-Y111 (65). DI RNA studies of SL4b in BCoV (though
referred to previously as SL-Ill) have pointed to an important role for this structure in repli-
cation (78, 96), as disruption of base-pair interactions ablated replication, which could be
rescued modestly through compensatory mutations (96). SL4b also contains a small (3 to
13 amino acid) upstream ORF (UORF) (96) (Fig. 1 and 2), the translation of which in MHV
has been shown to attenuate ORF1 translation in vitro (97). Neither the SL4b portion of
SL4 nor the uORF were believed to be critical to replication in MHV, however, as demon-
strated through extensive mutational analysis altering both the uORF and SL4b structure
(98). This finding was contrary to studies in BCoV using DI RNA replication assays, which
reported that both the SL-lIl (SL4b) stem and the uORF were necessary to continually pas-
sage BCoV DI RNA (96). Later mutational analysis demonstrated that deletions in the uORF
region also still produced viable virus, but the reemergence of the full UORF upon subse-
quent passages suggested that the uUORF may not be an essential motif in MHV replication
but is beneficial to viral fitness in some way (97). Deletion of the entire SL4 region was
observed to be lethal in MHV (98), whereas replacement with a shorter and sequence-
unrelated stem-loop was viable (98), suggesting the RNA structural element of SL4 may
serve simply as a spacer element involved in the direction of sgRNA (78). Meanwhile, the
UORF contained within SL4b has been predicted for all CoVs, although there is no direct
evidence that it is actually translated (65, 96). DI RNA studies in which the uORF start
codon was altered to be inefficient (via conversion of the uORF AUG to ACG) demon-
strated that replication still occurred albeit with reduced efficiency (97). The impact of this
specific mutation on the SL4 RNA structure was unclear.

SL4 is also hypothesized to be involved in the expression of sgRNA due to its loca-
tion within the “5’-proximal hot spot,” a wide region canonically containing the TRS-L
segment described above (99), which was identified in studies of BCoV as playing a
role in discontinuous transcription (83, 99). This finding is also in contrast to Yang et al.
(98), implicating SL4 as important to template switching during negative strand syn-
thesis, particularly in CoVs that lack secondary structure in their TRS-L region (MHV,
BCoV, and MERS-CoV) (83, 99), which is discussed in more depth later in this review.

SL5: LAST, BUT NOT LEAST

SL5 is the concluding structure within the 5" UTR, encompassing 144 nucleotides in
SARS-CoV-2, and is collectively comprised of three component substructural stem
loop, SL5a, SL5b, and SL5c (Fig. 1 and 2), that have been observed in Alpha- and
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Betacoronaviruses (81, 83). The Embecovirus subgenus has previously been noted to
lack these substructures (83, 100); however, the controversy surrounding this hypothe-
sis is discussed below. In Betacoronaviruses, including SARS-CoV-2, SL5a and SL5b both
contain a 5-UUCGU-3’ pentaloop motif, whereas SL5c contains a GNRA tetraloop
motif that in SARS-CoV-2 is composed of the sequence 5'-GAAA-3’ (59, 65, 101). The
SL5 trifurcating a, b, and ¢ stems form a four-way junction with the main SL5 stem,
comprising a multitude of interactions that act to stabilize (78, 102) the complex SL5
structure (65). In silico analysis of the SL5 region indicated that the nucleotides com-
prising the basal stem are generally less structured than those that make up the indi-
vidual substems (103). Consistent with this finding, substem SL5a was determined to
harbor three base pairs that expressed significant covariance, suggesting structural im-
portance (103). As discussed below, SL5 has been implicated as an important structure
for the packaging of some CoVs (83, 100). Although the presence of a multistructured
SL5 is conserved across CoVs, differences can be observed. Whereas SL5c in both
SARS-CoV-1 and SARS-CoV-2 constitutes a GNRA tetraloop structure, MERS-CoV har-
bors a heptaloop structure (83, 104). In Alphacoronaviruses, each of the SL5 substruc-
tures, including SL5c, contains a conserved 5'-UUYCGU-3' loop (104). A recent
NMR-based screening of potential drug candidates for targeting known RNA structures
across the SARS-CoV-2 RNA genome identified multiple small molecules that could
potentially target substem regions of SL5 (85). Additionally, multiple potentially drug-
gable pockets have been identified in the SL5 structure, implicating both the SL5 sub-
stems and the SL5 main stem as possible targets (105, 106). Amiloride-based ligands
have also demonstrated successful targeting of SL5a in vitro (76), although neither
studies have continued into animal models.

PACKAGING SIGNAL STRUCTURES: CARRIER CHAOS AMONG CoVs

The use of packaging signals, similar to other RNA viruses such as HIV (107), has been
elucidated as important for the biological function of many CoVs (100). Packaging signals
are cis-acting RNA elements involved in facilitating the selective encapsidation of the viral
genomic RNA, though not always relying on the presence of a secondary or tertiary RNA
structure for recognition and, as we discuss herein, not always functioning similarly, even
among virus genera. SARS-CoV-1 and SARS-CoV-2 incorporate the nucleocapsid phospho-
protein (N) for recognition of the viral genome for selective packaging (108, 109), which
for SARS-CoV-1 (and likely for SARS-CoV-2) associates with the genome to form a ribonu-
cleoprotein complex that then interacts with the endodomain of the viral-encoded matrix
(M) protein (108) to complete virion assembly (110, 111).

Investigation of the MHV packaging process, while not requiring the N protein (108,
112), has identified the presence of an RNA hairpin structure located 20.3 kb from the
5" end of the genome within the region encoding protein Nsp15 (at the 3’ end of
ORF1b) (113), which is conserved in all members of the subgenus Embecovirus (83,
114). This region in MHV, thought to function as the packaging signal, takes the form
of a 95-nucleotide bulged stem-loop that contains four repeat AGC/GUAAU motifs,
each separated at regular intervals by either a bulge or loop domain and displaying ei-
ther an AA or GA bulge on the 3’ side (113). Akin to the linear sequence, these repeat
structural components are conserved in all Embecoviruses (100). This structure is, how-
ever, thought to be absent in SARS-CoV-1 and SARS-CoV-2 (100).

For SARS-CoV-1, the packaging signal has been identified in upstream spanning nu-
cleotides 19715 to 20294 (referred to as PS580, also in the coding region of Nsp15)
(108, 115). Recent analysis has determined that the SARS-CoV-1 N protein binds a 151-
nucleotide section of this packaging signal region in vivo (115), but further experimen-
tal analysis is needed to elucidate the full mechanism that dictates viral packaging for
SARS-CoV-1, including resolution on whether or not an RNA structure is involved.

In contrast to the Embecoviruses and SARS-CoV-1, the 5" most 598 nucleotides of
Transmissible gastroenteritis virus (TGEV), an Alphacoronavirus, was demonstrated to
be necessary for viral packaging (116). The exact structure within this region that
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important to note that role of the distinct SL5 structure in packaging has not been confirmed.

dictates packaging was not determined (100), though all three SL5 substructures are
predicted in TGEV, suggesting the SL5 structure plays a part in packaging for at least
this particular virus.

For SARS-CoV-2, the location of the packaging signal within the genome and role of
RNA structure has not been elucidated, though RNA corresponding to both the 5" UTR
(as with TGEV) as well as nucleotides 19786 to 20361 (within nsp15, similar to SARS-
CoV-1) have been demonstrated to associate with the N protein to form distinct con-
densate structures (117-119). The findings described thus far for the roles of RNA
regions in packaging across coronavirus groups are thought to represent an inverse
correlation between SL5 and ORF1ab presence (120). This relationship is consistent
with a nonparsimonious pattern, or multiple independent gains and losses of struc-
ture/function, pertaining to packaging in the evolutionary history of CoVs (Fig. 3), a
phenomenon that, if continued to persist, would render packaging a difficult viral pro-
cess to target therapeutically going forward. Contrary to this hypothesis, more recent
structure prediction for MHV using SHAPE analysis demonstrated the presence of a
branched SL5 structure (81), confounding earlier analysis but lending to a less compli-
cated evolutionary history than pictured in Fig. 3. If SL5 were to be observed to con-
tribute to encapsidation across all Betacoronaviruses, the emergence of the hairpin
structure in ORFl1ab of MHV may be explained by a single, early evolutionary event
that resulted in an altered encapsidation mechanism relative to Alphacoronaviruses, for
which SL5 appears to act alone.

Analysis of the 5’ UTR RNA structure for SARS-CoV-2 has revealed contrasting evi-
dence of an additional hairpin between SL4 and SL5, designated as SL4.5 (Fig. 1 and 2)
located between positions 130 to 150, which comprises a highly conserved region
across SARS-CoV-2 and closely related Betacoronaviruses (59, 103, 121). This motif has
been presented using a variety of experimental methods; analyses of the 5" UTR in viral
RNA transcripts via in-line probing and RNase V1 enzymatic probing (65), as well as
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SHAPE-MaP (101), have upheld the formation of the SL4.5 as a short stem-loop, in stark
contrast with the single-stranded predictions for this region determined using various
SHAPE-based and DMS-based methods (88, 89, 105, 122). Similarly, a small stem-loop
was also previously predicted to occur between SL4 and SL5 in MERS-CoV but was not
predicted in SARS-CoV-1 (78). The position of SL4.5 has not been predicted to interfere
with SL4 and SL5 formation; however, additional biochemical and evolutionary investi-
gation is necessary to elucidate the true nature of this region and its implications.

3’ UTR: THREE PRIME’S A CHARM

Because transcription initiates at the 3’ end of the genome for both the gRNA and
the sgRNA, the 3’ UTR and its genomic structure is critical to the CoV life cycle. The 3’
UTR represents the stretch of genome between the 3’ terminus of the nucleocapsid
(N) gene and the 5’ fragment of the poly(A) tail (123). The multitude of RNA structures
in the 3’ UTR, believed to function as replication signals, are ubiquitous among
Betacoronaviruses, specifically in MHV (124, 125) and SARS-CoV-1 (126). Three higher-
order 3'-UTR structures have been specifically noted in SARS-CoV-1 and SARS-CoV-2
and consist of a bulged stem-loop (BSL) approximately 10 nucleotides downstream of
the N protein stop codon; followed by a cis-acting pseudoknot or stem-loop (SL1); and
ending with an elaborate structure containing the Hypervariable region (HVR), S2M do-
main (highy conserved across CoVs and other +ssRNA viruses) (127), and the octanu-
cleotide motif (ONM) (123, 128) (Fig. 1 and 4). Five pairs of covarying nucleotides were
also found between fractions of the 3" UTR and the putative ORF10 coding regions
(89), suggesting the potential presence of yet another RNA structure within this region.
The 3’ UTR has been identified as containing multiple potential druggable binding
pockets for which small molecule inhibitors could potentially be developed against
(105).
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The cis-acting pseudoknot within the 3’ UTR is of particular interest, as initial studies
of this region determined that it was phylogenetically conserved across CoVs and was
essential for BCoV replication, likely functioning in the plus strand (129). A pseudoknot
is formed when the single-stranded segments of RNA contained within a linearly iso-
lated structure form complementary base pairing with an outside region of single-
stranded RNA (Fig. 1 and 4). Variation in the lengths of the stem and loop regions in
pseudoknots lend to the vast heterogeneity of pseudoknot types and stability (130).
The BCoV cis-acting pseudoknot was found to be a Hairpin (H) type pseudoknot
because the interacting, otherwise single-stranded regions occur as loops (referred to
as L1, L2, and potentially L3) associated with separate hairpin stems (129, 131). These
hairpin stems, referred to as S1 and S2, stack coaxially in a quasicontinuous helix (131,
132) (Fig. 1 and 4). In Alphacoronaviruses, the cis-acting pseudoknot was found to be
highly conserved while the presence of the interacting BSL was not strictly conserved;
contrastingly, in Gammacoronaviruses, a conserved stem-loop was predicted in the
upstream region of the 3’ UTR (near the location of the BSL described above) and was
deemed essential for replication with only a poor candidate for a predicted pseudo-
knot having been established (129, 132, 133). A somewhat extended, and also phyloge-
netically conserved, BSL (eBSL) structure (59) was proposed for Betacoronaviruses,
encompassing the region predicted to comprise the pseudoknot in the other viruses.
While the role of a downstream stem-loop (also referred to as SL1) in a pseudoknot
interaction with eBSL was proposed, further analysis demonstrated that the pseudo-
knot formation was only marginally stable in comparison with an isolated SL1 (134).
Though SHAPE and DMS-MaPseq analyses have also failed to verify the pseudoknot
structure in the SARS-CoV-2 genome in infected cells (89, 101, 123), a switching mecha-
nism between these two higher-order structures was hypothesized to be involved in
the regulation of RNA synthesis (135). Specifically, modeling of the 3" UTR pseudoknot
produced a consistent conformation while modeling of the extended BSL did not reach
a consensus structure (106). Previous experiments with MHV have demonstrated that
the pseudoknot forms weakly at 25°C and not at all at 37°C (134), as well as only form-
ing when the competing SL1 hairpin structure cannot form. The BSL, however, was
deemed critical for the replication of DI RNA, and the structure of the BSL, but not nec-
essarily the primary sequence, was critical for MHV replication (124). Principally, the
conservation of base pairing through covariation among four base pairs in the stem
structure of the BSL was critical for structure formation and maintenance (124).

While researchers seemed to navigate toward the formation of a pseudoknot in
the 3’ UTR at least at some low rate, an additional conformation for this region was
predicted with DMS data analyzed by the DREEM algorithm, originally developed to
analyze seemingly stable HIV-1 RNA structures with alternative conformations (33),
which predicted a new stem-loop formed by a stretch of nucleotides located
between the established eBSL and the SL1, which would disrupt any pseudoknot
formation (59). Previous analysis demonstrated that, while the SARS-CoV-1 3" UTR
could be substituted for the 3’ UTR in MHV resulting in chimeric virus with
the capacity to synthesize viral RNA, the 3’ UTR of TGEV (an Alphacoronavirus) or
the 3’ UTR of avian CoV (a Gammacoronavirus) was not tolerated (133), suggesting
the presence of distinct, lineage-specific higher-order structures, rather than multi-
ple conformations.

Despite its name, the otherwise considered “untranslated region” of the 3’ UTR
putatively contains the open reading frame ORF10, found between the start of the
BSL/eBSL and the start of the 3’ structure containing the HVR, overlapping with the
pseudoknot/SL1 region. ORF10 encodes for 38 amino acids in SARS-CoV-2 but is inter-
rupted by an early stop codon in SARS-CoV-1 and other SARS-CoV lineages (136).
Examined at the protein level, ORF10 has demonstrated evidence of positive selection
through excessive amino acid changes, although the function of this protein is cur-
rently unknown (136), begging the question of the relevance of these changes (and
proposed selection) to the underlying RNA structure(s). It should also be noted that
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the expression of ORF10 is currently being investigated, as its expression has not been
supported by both DNA nanoball sequencing and Nanopore Direct RNA sequencing
(49).

Following the 3'-UTR SL1 is a complex secondary structure containing the HVR,
the S2M domain, and the ONM (Fig. 1 and 4). Mutant strains of MHV in which this
region was deleted (while maintaining all other structures of the 3’ UTR) were
found to be viable, replicating at levels comparable to WT virus (132). The HVR
region as a whole exhibits relatively poor sequence, as well as predicted secondary
structure, conservation across all CoVs (Fig. 5), supporting this finding. The excep-
tions to this general rule are two particular motifs discussed herein, the ONM (104)
and S2M (63, 137). The ONM can be found approximately 78 nucleotides upstream
of the poly(A) tail in all CoVs, including SARS-CoV-2, and represents a highly con-
served octameric sequence of 5'-GGAAGAGC-3' (126). Mutational analysis of the
ONM in MHV demonstrated its tolerance for single nucleotide mutations at every
position, however, as well as random mutations at multiple positions (and even all
eight bases), demonstrating yet again a seemingly unnecessary evolutionary con-
straint on the linear sequence (128). Despite the high degree of evolutionary con-
servation, deletion of this entire region does not deter replication competency
(128), but reduced severity of pathogenesis in a mouse model (128) indicates at
least a role for the ONM in infectivity.

Phylogenetic analysis of the HVR region for different CoVs revealed a similar branch
length distribution, representative of genetic diversity, to the full genome, consistent
with lack of conservation of the region as a whole (Fig. 5). Differing branching patterns
could also be observed, representing potentially differing evolutionary patterns,
though reliable support could not be attributed to the alternative placement of HCoV-
HKU1 within the HVR phylogeny (Fig. 5). The observed sequence diversity and phylo-
genetic relatedness of HVR sequences readily explain the variation in the predicted
HVR secondary structures (using RNAfold) (138, 139), with the number of hairpin sub-
structures ranging from two to as many as five in TGEV. The closely related SARS-CoV-1
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and -2 exhibit similar placement of the ONM motifs in relatively small bulges and the
presence of the S2M hairpin not represented in other lineages. The S2M motif is also
observed among other RNA virus families outside of Coronaviridae, including Astroviridae,
Caliciviridae, and Picornaviridae (127, 140), among which the sequence, secondary struc-
ture, and tertiary structure are all highly conserved (63, 106, 137). This motif has also dem-
onstrated similarity, though unknown homology, to an rRNA loop, as well as a similar
binding affinity to proteins involved in translation, suggesting that this structure functions
to hijack the host translation machinery (59, 137). Despite the prevalence of S2M conser-
vation among these viruses, a single nucleotide substitution (G29758U) can be found in
the upper stem of SARS-CoV-2 S2M relative to SARS-CoV-1, predicted previously to alter
the true structure (63, 137, 141), though a high level of structural conservation was con-
trastingly reported via modeling (106). This structural conservation partially explains why
the S2M domain has been identified as a potentially promising pocket for targeting by
small molecule inhibitors (105) and antisense oligonucleotides (ASOs; 142). Similar to the
packaging signal, however, targeting of this region may prove problematic, as previous
phylogenetic analysis of the S2M indicated that the appearance of S2M in the evolution-
ary history of these virus families is likely the result of multiple, independent acquisitions
of the motif (140). The presence of the S2M domain in SARS-CoV-1, specifically, is thought
to be the result of a horizontal transfer event with an Astrovirus, though the origins of the
S2M motif in SARS-CoV-2 is unknown. On the other hand, analysis of the SARS-CoV-2 S2M
region over the course of the COVID-19 pandemic revealed the instability of these acquis-
itions through several deletions, with lineages B.1.1.311 exhibiting complete S2M deletion
(143). Moreover, two additional variations in the SARS-CoV-2 S2M have been reported,
G29734C and G29742U, which are both predicted to contribute to destabilization of the
S2M tertiary structure (144). Together, these results suggest the S2M motif may not pro-
vide an essential function for SARS-CoV-2 and, therefore, may not prove a successful drug
target. The linear sequence in the RNA region upstream of the ONM motif for more dis-
tant relatives of SARS-CoV-1 and 2 was too dissimilar to be considered S2M moitifs (140);
however, stem loops were predicted herein for BCoV, HCoV-OC43, and MHV, suggesting
similar function and warranting further investigation into the linear and structural con-
straints on S2M evolution in coronaviruses.

The presence of two additional stems within this 3’-UTR region immediately upstream
and immediately downstream of SL1 was predicted by DMS-MaPSeq, but not by SHAPE-
MaP (101, 105), though thought to be largely unstable (123). Additionally, mutations acting
to partially destabilize either of the two helices were viable; however, disruption of both of
the helices proved detrimental through the inability to direct the sgRNA synthesis (145).
Specifically, disruption of base pair interactions in the first helix, formed via pairing of nu-
cleotides 0 to 9 and 217 to 225 (counting from the poly(A) tail), was lethal. Disruption of
the second helix, formed via pairing of nucleotides 18 to 29 and 171 to 183, produced ei-
ther viable or lethal mutants, depending on the mutation (145), the 5’ end proving more
necessary for replication. Secondary structure prediction revealed that the lethal mutations
disrupting the 5’ end of the helical structure were potentially the result of a different fold-
ing pattern than that of the WT structure, but with similar thermodynamic stability.
Contrary to what might be expected, the viable mutations that disrupted the 3’ end were
predicted to unfold the helix entirely (145), suggesting the second helix is not necessary
for replication but has the potential to alter replication capacity through enhanced or dif-
ferential functionality with specific mutations in the 5’ region.

CoV POLY(A) TAIL: PERHAPS SIZE DOES MATTER

For SARS-CoV-2, the median length of the poly(A) tail has been reported to be
approximately 47 residues in length, with gRNA having generally longer tail lengths
than sgRNA and sgRNA representing two general populations of tail lengths of 30 and
45 nucleotides, respectively (49). Previous experiments identified a temporal depend-
ence of different tail lengths in BCoV, recording average tail lengths of 45 nucleotides
immediately after virus entry into cells, then peaking at approximately 65 nucleotides
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between 4 and 12 hours postinfection (hpi) and then decreasing in length linearly to
approximately <30 nucleotides after 144 hpi (146). The authors suggested that the lat-
ter may be in part due to the degradation of the tail (49); however, Wu et al. (146) also
demonstrated that BCoV poly(A) tail length was positively correlated with efficiency of
translation, as they point out is also the case for eukaryotic mRNAs, and thus varying
length of the poly(A) tail is similarly required for regulation of translation. The poly(A)
tail has also been shown to be critical to RNA synthesis of the minus-strand RNA in
MHV (147) and has been identified as an important cis-acting element in BCoV DI RNA
replication, whereby as few as five adenines were sufficient for replication (78, 148).
This finding may hold the explanation as to why the length of the SARS-CoV-2 poly(A)
tail is relatively shorter than most CoVs. In other organisms such as bacteria, the poly
(A) tail has been proposed to participate in the formation of stability-enhancing RNA
structures, dictating translational efficiency and transcript stability (149). The impact of
the shortened poly(A) tail in SARS-CoV-2 on the upstream RNA structures in the 3’ UTR,
however, is unclear (49).

RNA structure in general plays an important role in viral recombination (e.g., 150), as
the formation of certain structures can result in inefficient binding of the polymerase and
movement of the polymerase between genomes in the neighboring area of synthesis,
referred to as template switching. When the templates originate from different viruses,
segments joined through recombination form entirely new viral strains. As with point
mutations, these alterations may be beneficial to the virus. Additionally, insertions and
deletions (indels) observed across the CoV genome have been associated with RNA struc-
ture formation in the respective region, indicating they might be artifacts of recombination
(151). In MHV as a relevant example, analysis of spike deletion variants (SDVs) revealed a
clustering of polymorphisms at the base of a stem-loop located in a hypervariable region
of the coding region (152). Additional analysis revealed that the generation of SDVs ulti-
mately resulted in the establishment of a stably heterogeneous population of MHV, or
quasispecies, in persistently infected mice and that increasing diversity of SDV quasispecies
was correlated with heightened disease severity (153). As the structured region of the 3’
UTR has previously been shown to be critical for the engagement of the RdRp (154), differ-
ences in the RNA architecture in this region are capable of influencing recombination and
the ability of the virus to adapt (132, 155). Common 3’ replication-signaling RNA elements
have been observed between MHV and BCoV (Embecoviruses), which are interchangeable
in the production of viable virus despite a sequence divergence of 31% (124); MHV has al-
ready demonstrated its advantage as a helper virus for the replication of BCoV DI RNA,
indicating recognition of these signals in BCoV by the MHV replication machinery (155).
Also in this study, the BCoV DI RNA readily acquired the 5’ leader sequence of an HCoV-
0C43 (itself also a member of the Embecovirus subgenus) helper virus, demonstrating not
only in vivo recombination among CoVs, but recombination between a human and non-
human CoV (155). “Leader switching” has been described as a high-frequency event in
terms of recombination (156), so much so that it has been hypothesized to be a necessary
part of the replicative process (157). Hence, though not a complex structure, additional
investigation into the simple stretch of adenines at the end of the SARS-CoV-2 genome
may reveal a significant role in viral evolution through its subtle impacts on neighboring
RNA structures and the process of recombination that appears to play a major role in CoV
replication.

TRS-B: SELECTION FOR STRUCTURIZATION IN CIRCULARIZATION

For SARS-CoV-2, as well as other CoVs, all proteins following ORF1ab are translated
from positive-sense sgRNA intermediates (51). The transcription of the sgRNAs relies
on the presence of transcription regulation sequences of both the leader sequence
(TRS-L, located in SL3) and of those that precede the 5’ edge of each gene (TRS-B) (94),
as mentioned previously. The generated sgRNAs comprise a set of 3’ coterminal,
nested transcripts, each with a leader RNA sequence derived from the 5’ UTR of the ge-
nome fused to the 3’ body sequence (57, 94). This fusion event is mediated in part by
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the cis-acting TRS elements, which contain a conserved core sequence that mediates
the long-range template switch through sequence homology (57, 94). Upon reaching a
TRS-B sequence during synthesis, the RdRp is thought to pause, subsequently “jump-
ing” to the TRS-L sequence, mediating the recombination-like fusion event at the TRS
sites (57, 158). It should be noted that noncanonical fusion events have been detected
occurring outside of known TRS-B sites (e.g., references 159, 160); however, the biologi-
cal relevance of these events, and whether or not they represent legitimate replicase
jumps, remain to be elucidated (49). Previous analysis of the SARS-CoV-1 TRS regions
demonstrated the presence of a minimal core sequence (CS) of 5'-ACGAAC-3’ (161,
162) or 5'-CUAAAC-3’ (163) mediating fusion, which are similar SARS-CoV-2 (may differ
by up to one base pair [164]), indicating heavy selection. Seven of the nine TRS-B
regions have been found to reside within stem-loop structures, with all but the TRS-B
located at the N coding sequence containing their core sequence in the stem region of
their respective loops facing the 5’ terminus of the genome (88). Abundance of sgRNA
was determined to be positively correlated with the single-strandedness of its corre-
sponding TRS-B (89), indicating a crucial role for TRS-B structure heterogeneity in
sgRNA transcription (104). For this recombination-like process to occur effectively, the
TRS-L and TRS-B sequences need to be in close proximity to each other; it is, therefore,
hypothesized that the fusion is facilitated by the circularization of the RNA genome
that results from RNA-RNA interactions at the 3" and 5’ termini. Genome circularization
is commonly observed for CoVs, including SARS-CoV-2 (37) as well as other RNA
viruses, and is used to facilitate efficient viral replication and likely promotes recombi-
nation (57).

PRF STEM LOOPS: FRAME-SHIFTING INTO HIGH GEAR

The utilization of overlapping reading frames to maximize coding potential is evolu-
tionarily advantageous (165), and the switch between reading frames is often facili-
tated by RNA structure, typically involving RNA pseudoknots (166). As the individual
proteins encoded by these ORFs are critical to viral replication, so are these frame-shift-
ing elements (FSE). One of the most well-known FSE in RNA viruses belongs to HIV:
read-through of the overlapping group antigen gene (gag) and polymerase gene (pol)
reading frames to express the Gag-Pol fusion protein is mediated by an RNA pseudo-
knot (167). The function of pseudoknots as FSEs has been well characterized in SARS-
CoV-1 and other CoVs, particularly involving the expression of ORF1b proteins (168,
169). Additionally, independent translation of the ORF1a and ORF1b regions requires a
programmed —1 ribosomal frame-shifting (PRF) event mediated by the pseudoknot
structure found between ORF1a and ORF1b (169) (Fig. 1 and 6). Downstream of the
PRF element in SARS-CoV-1 and 2 is a heptanucleotide “slippery” sequence (170),
which follows the general motif XXXYYYZ (171). For CoVs (including SARS-CoV-2) X
represents any base, Y represents A or U, and Z represents either an A, C, or U (170,
172). This region is structured such that at some frequency the ribosome will pause
upon encountering the pseudoknot and “slip” back, allowing the tRNA to repair in the
—1 frame (166, 168, 170). The current model for this mechanism is the result of an
equilibrium of tension across the system: as the ribosome begins to unwind the first
stem of the pseudoknot, increased tension in the stretch of RNA between stem 2 and
the RNA in the ribosomal active sites (169, 170, 173) leads to a “supercoiling” effect
(described by Kelly et al. [169]) in the second stem. This phenomenon opposes forward
motion of the ribosome, causing the ribosome to pause with its A- and P-sites bound
to aminoacyl- and peptidyl tRNAs positioned above the slippery site. Slippage and con-
sequent repairing of the tRNAs in the —1 frame relieve the tension, allowing for the
read-through of the ORF1a stop codon and translation of ORF1b proteins, ultimately
maintaining balance in expression of ORF1a to ORF1ab (169, 170).

The PRF element structure is highly conserved among known CoV members of the
same genus, but not between genera; specifically, stem 1 length and GC composition
are conserved among CoVs (notably between SARS-CoV-1, SARS-CoV-2, MHV, and
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FIG 6 Ribosomal frameshift signal structure and genomic location within SARS-CoV-1 described by Kelly et al.

(169).

BCoV), but these variables tend to vary more for stem 2 between CoV genera (174).
The potential formation of a “kissing loop” structure between stem 2 with a sequence
approximately 200 nucleotides downstream of the slippery site is considered to be
prevalent among Betacoronaviruses (174) (Fig. 7A), although verification outside of
HCoV-229E (175) and TGEV (176) is necessary given less conservation in the second
stem. In SARS-CoV-2, a region 200 nucleotides downstream of the PRF element has
been predicted to share a highly conserved RNA secondary structure with SARS-CoV-1
and closely related bat coronaviruses, which the authors speculate may be involved in
a more elaborate structure akin to that described for HCoV-229E (59). The presence of
a third stem-loop in the SARS-CoV-1 PRF element renders it more complex than other
CoVs (168, 174, 177), although typical of PRF elements. Secondary structure predictions
for this region indicate that all known CoVs have the capacity to form this third stem,
despite the fact that the RNA nucleotide sequence of this region among the different
individual viruses is not well conserved (174).

Single-particle cryo-electron microscopy (cryo-EM) examination of the frame-shift-
ing element similarly demonstrated a three-stemmed pseudoknot; however, its tertiary
structure was characterized by a distinct conformation for stem 3 that did not involve
direct stacking with the stem 1-stem 2 pseudoknot (178) (Fig. 7B and Q). In this descrip-
tion, the first strand of stem 1 is threaded through what the authors describe as a
“ring” formed by the other strand of stem 1, the single-stranded region connecting
stems 2 and 3, and the start of the double-stranded regions of stems 2 and stem 3. The
in vitro results of Zhang et al. (178) were contradicted by SHAPE reactivities collected in
vivo, which identified paired nucleotides in the cryo-EM model as unpaired, represent-
ing potentially unfolded regions of the frame-shifting element present in the context
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FIG 7 Differences in structure prediction for the SARS-CoV-2 frameshifting pseudoknot. (A) Secondary structure described
by Plant et al. (174) using 2-dimensional nuclear magnetic resonance (NMR). (B) Secondary structure described by Zhang
et al. (178) using SHAPE. (C) Tertiary structure described by Zhang et al. using cryo-EM map guided modeling. For panels

B and C, the dark brown highlighted segment represents the stem strand described as “threaded” through the” ring

"

(displayed in light pink) formed by the other strand of stem 1 (light brown), stem 2 (blue), stem 3 (purple), and an

unpaired region between stem 2 and stem 3 (J2/3) (green).

of the whole SARS-CoV-2 genome (105). Alternatively, DMS-MaPseq of an in vivo model
of the PRF element in the context of the whole SARS-CoV-2 genome did not demon-
strate the canonical three-stemmed pseudoknot, but rather the presence of an alterna-
tive stem 1 formed by the base pairing of the region immediately downstream of the
slippery site with a complementary 10-bp region located 29 bases upstream of the slip-
pery site (88). This model was generated in silico, based on predictions of the incorpo-
ration of upstream nucleotides in the FSE (103). Modeling of an extended FSE region in
this way demonstrated putative heterogeneity in structural conformations (59). In an
attempt to characterize these structural dynamics in SARS-CoV-2, recent experiments
using optical tweezers have subjected the PRF element to tensions that simulate the
—1 frame-shifting event. These experiments identified the formation of multiple struc-
tures that largely fall into two distinct fold topologies: a structure in which the 5’ end
is threaded as described above, and another structure wherein the 5’ end remains
unthreaded (179). The threaded conformation results in increased rigidity of the RNA
in SARS-CoV-2 (179), though the biological implications of these dynamics are unclear.

Inhibition of the —1 ribosomal frameshift mechanism in SARS-CoV-1, as would be
expected, effectively halts viral replication (180), and targeting this PRF with small mole-
cule inhibitors has been shown to specifically ablate frame-shifting activity during tran-
scription (181, 182). The primary sequences for the SARS-CoV-1 and SARS-CoV-2 pseudo-
knots only differ by a single nucleotide found within a loop region that is not predicted
to affect the structure (170). The conservation of the —1 PRF structure across SARS-CoV-1
and SARS-CoV-2 and function of this pseudoknot across CoVs explains why small-mole-
cule frameshift inhibitors previously demonstrated to inhibit —1 PRF activity in SARS-CoV-
1 had a similar effect on —1 PRF activity in SARS-CoV-2 (170). Recent work has identified
the compound merafloxacin as a potent inhibitor of the —1 PRF activity in SARS-CoV-2 as
well as in others that use similar RNA structures to facilitate frame shifting (183). This drug
was demonstrated to be effective against single-nucleotide substitutions in the coding
region of the pseudoknot, which have been identified as recurrent in the SARS-CoV-2 viral
population (183). Additionally, ASOs have been developed to target the RNA structure of
the frameshifting element. Viral replication was diminished by generation of ASOs target-
ing regions of the pseudoknot intended to disrupt its RNA structure; specifically, an ASO
targeting a region adjacent to stem 3 resulted in diminished viral replication (184) and
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ASOs generated to target stem 1 and the slippery site also diminished viral replication
(178).

Upstream of the slippery sequence exists an attenuator hairpin, present in both
SARS-CoV-1 and SARS-CoV-2 (101) (Fig. 6), which has been shown to help downregu-
late frame-shifting activity (170, 185). Efficiency of attenuation is closely tied to the sta-
bility of the hairpin as well as its proximity to the slippery sequence, with the current
mechanistic model revolving around the unfolding and refolding of the hairpin as the
RdRp moves through the region, the latter likely exerting tension in the 5’ direction
(185). Increasing the thermodynamic stability of the hairpin decreases —1 PRF activity,
and an analysis of small molecules targeting this region in SARS-CoV-2 by stabilizing
the attenuator hairpin contributed to a decrease in frame-shifting efficiency, represent-
ing a therapeutic target that could disrupt SARS-CoV-2 translation (186). Significant dif-
ferences in the primary nucleotide sequence have been observed in the region of this
hairpin between SARS-CoV-1 and 2 that would potentially restrict the applicability of
this drug to other CoVs - SHAPE-MaP analysis has shown that the SARS-CoV-2 hairpin
even contains a distinct fold (101). However, the function of the attenuator hairpin is
retained between SARS-CoV-1 and SARS-CoV-2 as a consequence of its conserved sec-
ondary structure (170). Alternatively, in silico analysis has suggested that both the slip-
pery site and attenuator hairpin are found within a larger multibranched structure,
which has previously been unreported (103).

SECONDARY STRUCTURE IN UNCHARACTERIZED REGIONS: BOLDLY GOING
WHERE NO MAP HAS GONE BEFORE

As previously mentioned, early in the course of the pandemic, Rangan et al. (59) identi-
fied regions of sequence conservation within the 5’ and 3’ UTRs and frame-shifting
element between SARS-CoV-1 and -2 and related bat coronavirus. These regions of conser-
vation correspond to elements of RNA structure that are known to be shared among these
closely related Betacoronaviruses, as enumerated above. In addition to these known
regions, Rangan et al. identified multiple regions of sequence conservation that fall outside
of well documented regions of RNA structure. Several of these regions were of sufficient
length for the design of antisense oligonucleotides, showing promise as future drug tar-
gets. Specifically, 30 discrete regions were noted as sharing =99% sequence identity
among all SARS-CoV-2 sequences (deposited as of March 18, 2020) and were also con-
served across closely related bat coronaviruses and SARS-CoV-1.

More than 45% of the SARS-CoV-2 genome has been predicted to be highly struc-
tured according to RNAz (59) and ScanFold (103) analyses, which is generally a larger
portion of the genome than other Riboviruses (103). Interspersed stretches of
unpaired, yet conserved nucleotides were also posited by the authors to exhibit func-
tion in the form of recruitment of molecular machinery (59), contributing to the role of
viral RNA in functions outside of mRNA-mediated protein production. Within this 45%,
SHAPE reactivity analysis has identified 87 discrete, highly structured and thermody-
namically favorable RNA regions across the genome, nine of which demonstrated sig-
nificant covariation in at least two base pairs indicating natural selection (105). These
87 regions, representing approximately 19% of the SARS-CoV-2 genome, demonstrate
a high degree of correlation between in vivo and in vitro SHAPE analysis reactivities,
suggesting the sequence and thermodynamics alone account for folding (105).
Additionally, ScanFold analysis largely agreed with these structured RNA regions, with
34 regions being identical between the two models (103). ScanFold analysis identified
eight additional uncharacterized structures, which were predicted to possess more
than one covarying base pair indicative of selection (103). One of these regions was
previously targeted by an antisense oligonucleotide (ASO), which resulted in decreased
viral infection in cells, indicating the value of investigating these regions of therapeutic
interest (89, 103). Although, traditionally, ASO targeting of specific RNA sequences has
been hindered by RNA structures, which may occlude the base pairing of the ASO to
the target sequence, the RNA structure-based design of ASOs does not rely on
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canonical Watson Crick base (WC) pairing with the linear sequence (184). As mentioned
previously, an ASO targeting stem 3 engages in major-groove base triples with bases
along stem 1 and a Hoogsteen base-pair with the 3’ end of stem 1, resulting in greater
inhibition of viral replication than an ASO strictly targeting the same sequence through
strictly WC base pairing (184).

While 45% represents a larger-than-expected RNA structure presence given Ribovirus
history, additional evidence has suggested that >84% of the SARS-CoV-2 genome is capa-
ble of forming structured, and even conformationally flexible, RNA as determined by the
DREEM algorithm (35, 88). Naturally, a greater degree of variability in nucleotide reactivities
is observed in the structures that comprise the difference between these two estimates,
particularly in loop regions. This finding may be expected, however, if the majority of these
additional structured regions do indeed exhibit multiple conformations. Experimental evi-
dence supporting this hypothesis has not yet been demonstrated.

“LONG COVID"”: THE LONG CON

As illuminated by this review, the formation of RNA structures within the CoV genome,
as well as other RNA viral genomes, is critical to their replication cycles and biological func-
tion. As mentioned previously, RNA structure is critical to the HIV replicative process
known as reverse transcription and, ultimately, integration of the HIV genome into the
host cell. Reverse transcription of HIV is initiated by the interaction of a host tRNA molecule
with the HIV genome at a region referred to as the primer-binding site (PBS), located
within the viral 5" UTR. The PBS is a model of RNA functionality, as it has been shown to
adopt multiple conformations with distinct functions: one in which an intramolecular helix
and hairpin is formed following binding of the tRNA, and the other wherein an intermolec-
ular primer activation signal helix forms between the viral RNA and tRNA (187, 188). This
interaction is recognized by the HIV reverse transcriptase (RT), which carries out the forma-
tion of the double-stranded DNA molecule that is subsequently integrated into the host
genome. The differing RNA conformations identified potentially serve as a regulation
mechanism for the initiation of reverse transcription (187).

Non-retroviral RNA virus sequences have been detected in the genomes of many verte-
brate species and/or have exhibited integration capability ex vivo (189-191), and recent
analysis has put forth controversial evidence of potentially integrated SARS-CoV-2 (192).
The transcription of this integrated provirus has been purported to explain the occurrence
of prolonged viral RNA shedding seen in a fraction of infected individuals, referred to as
individuals with “long COVID” (192-197). The prevalence of this phenomenon has not
been fully characterized; however, a report examining large numbers of patients found
extended viral RNA shedding after 21 days postonset of symptoms in 25.6% of patients
(198). Integration of RNA viruses into human cells can occur in the absence of retroviruses
such as HIV owing to the presence of endogenous retrovirus RTs. Alternatively, autono-
mous retrotransposition can occur across viruses and cellular RNA alike in elements
referred to as retrotransposons, some of which can act as sources of reverse transcription
for other nonautonomous elements. Long interspersed nuclear element 1 (LINE1) retro-
transposons are prevalent in the human genome, accounting for approximately 17%, and
are partially responsible for the “fossilization” of numerous species of nonretroviruses into
the genome over course of human history, which now comprise as much as 8% of the
human genome (199). Similar to PBS-recognition by HIV, Grechishnikova and Popstova
(200) proposed LINE1 RT recognition of an RNA structure that was deemed conserved
across human LINE1 3" UTRs. The consensus stem-loop structure consists of a 5- to 7-base-
pair loop (5'-CCAAUCA-3’" in humans) and average of 8- to 10-base-pair stem with an
asymmetric bulge at a distance of 4 to 6 bp from the loop (Fig. 2), though the authors also
found conserved stem-loop positions in other locations, such as the 5" UTR, that may serve
as potential candidates for reverse transcription. Grechishnikova and Popstova point out
that the presence of the bulge was conserved in all reportedly active LINE1 transposons
(not all elements are functional), comprising >50% of the analyzed 6,622 LINE1 elements
from 27 families. Furthermore, previous experimental deletion of this bulge in eel
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transposons completely abolished transposition, leading the authors to believe the 3'-UTR
stem-loop bulge to be critical in RT recognition.

The reverse transcription and integration of SARS-CoV-2 described by Zhang et al.
(192) was demonstrated in a HEK293T (human embryonic kidney) cell line that was
transfected with a LINET expression vector. The majority of observed integration
events involved sgRNA with LINET recognition sequences at a site near the junction,
which the authors note would be in line with LINET-mediated retrotransposition (192).
Evidence of integration was also obtained in a calu3 (human lung epithelial cell) cell
line (192). This report was the first to ascribe a retroviral property to a CoV (192).
Although these results have many quizzical and interesting implications for both SARS-
CoV-2 RNA structure and function, as well as COVID-19 pathology, the findings are still
under investigation (201, 202), deemed as potential artifacts of the sequencing method
(203). Further analysis investigating integration of SARS-CoV-2 in a HEK293T cell line
found no evidence of integration, suggesting that if such integration events occur,
they are likely incredibly rare (202). The importance of RNA secondary structure in
LINE1 retrotransposition has previously been established whereby a 3’-UTR stem-loop
has been demonstrated as essential (204, 205) and is proposed to serve as a common
binding motif for LINET reverse transcriptases present in both LINET and Alu RNAs
(200). If SARS-CoV-2 is indeed integrated via LINE1-mediated retrotransposition, it is
likely that some homologous RNA secondary structure is involved. Analysis of RNA
sequence and structural similarities (among the original strain and Alpha [MZ344997.1]
and Delta [MZ359841.1] variants) revealed three potential positions within the SARS-
CoV-2 genome that could act as a LINE1 element (Fig. 8A to D). The length of the
hairpin, number of bulges, and bulge size differed across all three structures, and the
minimum free energy estimates for each was greater than the human LINE1, suggest-
ing less stable structures. Only the structure coinciding with position 11836 to 11878
within the SARS-CoV-2 genome (Fig. 8C) contained an asymmetric bulge. Similar to
other LINET hairpins described in Grechishnikova and Popstova (200), this bulge con-
tains an adenine and is located five base pairs from the loop. However, Zhang et al.
(192) described integration of specifically the nucleocapsid protein (28274 to 29533).
The downstream location of this region relative to the structure in Fig. 8 renders this
structure unlikely to be utilized in the integration observed by Zhang et al. Similarly,
both of the two remaining LINE1 possible structures are located upstream, suggesting
LINET retrotransposition is not the likely mechanism. Not excluding RT recognition of a
PBS-like element, the HIV-1 tRNA annealing arm of the RNA structure containing the
PBS sequence was used in an alignment with SARS-CoV-2, revealing a somewhat simi-
lar sequence region (23665 to 23702) exhibiting greater stability than the original
structure (Fig. 8E), though the six nucleotides determined to be the minimal sequence
necessary for function by Wakefield et al. (206) (UGGCGC) were not similar to the
aligned SARS-CoV-2 genome (AACUGG), nor did they form base pair interactions within
the stem of the SARS-CoV-2 structure. As the PBS functions within the 5’ UTR of retrovi-
ruses, the upstream location of this structure relative to the nucleocapsid protein-cod-
ing region suggests this structure to be a better explanation than LINE1 for integration;
however, further investigation is necessary to elucidate the biological reality of the
capability of this structure in viral RNA reverse transcription and to contextualize the
discrepancy of the conflicting results revolving around CoV integration.

SARS-CoV-2 EPITRANSCRIPTOMICS: THE NEW METHYLS ON THE BASE

Epigenetics, the field describing the modification of DNA nucleobases and histones,
is a well characterized biological phenomenon that is essential to the regulation and
expression of genes. Although comparatively still in its infancy, epitranscriptomics, a
field exploring the plethora of modifications, which can be amended to RNA bases (the
transcriptome) and their effect on gene expression (207), is rapidly gaining interest in
line with increasing evidence of the numerous roles for RNA in essential biological
processes (208). Currently, there are more than 150 known RNA base modifications
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A
Origin: Human LINE1 SC2 23878-23919* SC2 11836-11878* SC2 23620-23664*
Ad (subs/site): 0.40 0.36 0.36
AG (kcal/mol): -10.79 -7.35 -7.26 -8.36
Origin: HIV PBS SC2 23665-23702*
Ad (subs/site): 0.53
AG (kcal/mol): -5.91 -8.27

*No genetic differences among select SARS-CoV-2 lineages

FIG 8 Predicted RNA secondary structures for regions within the SARS-CoV-2 (SC2) genome sharing similar sequence content with original human LINE1
hairpin (200) (A) and HIV-1 tRNA annealing arm containing the primer-binding site (PBS) (B). Genomic coordinates within the SARS-CoV-2 reference
genomes, including the original Wuhan-Hu-1 reference sequence (MN908947.3), USA-WA12020 (MN985325.1) as used in Zhang et al., and variants Alpha
(MZ344997.1) and Delta (MZ359841.1), are provided (B, C, D, and F), as well as the Hamming distance for the alignment of the original sequence (A and E)
with the reference SARS-CoV-2 sequence (Ad) and the minimum free energy value for predicted RNA secondary structure (AG) in RNAfold (138, 139). PBS
sequence is highlighted in yellow. No genetic differences were observed between MZ344997.1, MZ359841.1, MN985325.1, and NC045512.2. A double GC
base pair was added to each SARS-CoV-2 sequence (flanking) to force stem formation and is included in the pictured structure.
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(209), the majority of which are associated with rRNA and tRNA (210). For cellular
MRNA, epitranscriptomic modification is primarily associated with the 5’-cap structure,
although internal modifications can also occur in introns and coding regions (207). For
eukaryotic and viral mRNA alike, the nucleotide that comprises the cap is typically a
methylated guanosine (m’G) required for the efficient translation of the mRNA (207,
211), while the first and second residues adjacent to the cap can either be 2'-O-methyl-
ated (2'-O-Me) or, if the first of these residues is an adenosine, already having been
modified to 2’-O-methyladenosine (Am), it can be additionally modified to N6,2’-O-
dimethyladenosine (m®Am) (207). The latter, a reversible modification, is associated
with an increase in transcript stability (212). In viruses, the 2'-O-methylation occurring
on the penultimate nucleotide is implicated in discriminating self versus nonself
mRNA, as the absence of this modification is recognized by the host cell as a patho-
gen-associated molecular pattern that triggers an antiviral response (213, 214).

For SARS-CoV-2, the gRNA and sgRNA both acquire a methylated 5’ cap (215, 216),
which must be added by a virally encoded mechanism, as replication does not occur in
the nucleus and so cannot utilize the host capping mechanism (217). This process is
accomplished first by a guanylyltransferase, which has recently been identified as
nsp12 in SARS-CoV-2 (218, 219). It should be noted that the results of Walker et al.
(218) and Yan et al. (219) are the first indication that nsp12 possesses guanyltransferase
activity in a coronavirus, as previous investigations attempting to elucidate the identity
of CoV guanyltransferase, including experiments using SARS-CoV-1 nsp12 (220), did
not indicate that it functioned as such (217). The novelty of this finding remains to be
characterized in other CoVs. Following nsp12 function is the cooperative methyltrans-
ferase activity of nsp10 and nsp14 (221-223) and subsequent adenosine methylation
by nsp10 and nsp16 (Fig. 9). The combined efforts of these viral enzymes, acting inde-
pendently of host cellular capping enzymes, allow CoVs to effectively camouflage their
genetic material as host mRNA, exhibiting the same nucleobase modifications found
on cellular 5" caps. Naturally, disruption of these modification processes has been
found to disrupt the viral life cycle. Specifically, ablation of nsp16 function in SARS-
CoV-1 was determined to attenuate viral replication, which was restored by deficient
expression of viral mMRNA-sensing enzymes both in vitro and in vivo (224). Inhibition of
nsp16 2-O-methyltransferase activity by nucleoside analogues such as sinefungin
(221) similarly permits recognition of the viral RNA, leading to the induction of a type |
interferon (IFN) antiviral response (225). Structural similarities and a high degree of
conservation in the active site between nsp16 of SARS-CoV-2 and that of SARS-CoV-1,
as well as similar binding patterns to sinefungin (226), suggest that inhibitors of nsp16
represent a promising direction for antivirals against SARS-CoV-2 and future CoVs.

Outside of the 5’ cap, internal modifications can be made, playing a major role in
the stability of RNA molecules such as mRNA (207, 227). N6-methyladenosine (m°®A)
and conversions from adenosine to inosine are the most common internal mRNA mod-
ifications. These, as well as other internal modifications, modulate a variety of RNA
processes, including splicing and translation (207). Though m°®A is potentially involved
in multiple facets of mRNA activity (227), it is typically observed near stop codons and
3’ UTRs (228) and is associated with the decay of mRNA transcripts mediated by the
cellular protein YTH-domain family member 2 (YTHDF2) (229, 230). Unlike capping,
the addition of m°A to mRNA occurs primarily in the nucleus and is accomplished by
the host m®A methyltransferase enzymes METTL3 and METTL14. The METTL3/METTL14
heterodimers, along with the WTAP cofactor (231, 232), are thus considered “writers”
of mSA methylation, which target contextual adenine residues, discussed in more
depth below. Like most cellular processes, the action of m®A writers is counteracted by
the so called “erasers” of m®A-RNA demethylases. There are two primary demethylases:
obesity-associated protein FTO, which typically targets m°A modifications adjacent to
the 5’ cap, and ALKBH5, which targets more generalized m®A. ALKBH5 has been
observed primarily in the nucleus (233) and has been shown to be upregulated upon
viral infection, suggesting a role in cellular antiviral activity (234). It has been found
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that knockdown of ALKBH5 leads to a decrease of SARS-CoV-2 replication in vitro (235).
m°A ‘readers’ have also been characterized, though, unlike their accompanied writers
that exhibit preference for the nucleus, readers can be present in either the nucleus or
cytoplasm, depending on their function (227). Notably, the YTH domain mentioned
above is contained in the cytoplasmic proteins YTHDF1F2/F3, in the nucleic protein
YTHDC1, but also in the protein YTHDC2, which can be observed in either location
(227, 236). These reader proteins are able to bind m°A, primarily through a “tryptophan
cage” surrounding the methyl group, and influence the ultimate fate of the modified
RNA transcripts (227). The nature of the epitranscriptome as a potentially dynamic sys-
tem comprised of a balance between writing, reading, and erasing modifications is still
being investigated, and there is much work to be done to fully understand the laws
governing RNA modification, particularly for viruses; however, for an authoritative
review of cellular m®A modifications beyond the scope of this review, we defer to
Zaccara et al. (227).

For viruses that replicate in the nucleus, m®A modification of viral transcripts is a
somewhat well-characterized phenomenon. The 3’ end of the HIV-1 genome hosts
multiple m®A modification sites, for which YTHDF protein interaction promotes viral
expression (237). As a result of overexpression of YTHDF2, viral replication is enhanced
in the HIV target cell population; CD4* T lymphocytes (237). Additionally, influenza a
virus (IAV) has been shown to express m®A-modified RNAs, and inhibition of méA modi-
fication by depletion of METTL3 severely hampered IAV gene expression (238). Given
that the primary location of m®A readers and writers is the nucleus, it is not a stretch to
imagine how they may act on the genomes of viruses that replicate there. Moving out
of this group of viruses, how then are RNA modifications deposited on both negative-
and positive-sense RNA viruses such as Zika Virus (ZIKV) and respiratory syncytial virus
(RSV), respectively (239), which operate solely in the cytoplasm? This intriguing ques-
tion is being actively pursued. ZIKV replication can be inhibited by METTL3/METTL14
methylation as well as by recognition by YTHDF2, the silencing of these proteins acting
to increase Zika replication (240). Despite this finding, in vitro infection of HEK293T cells
with ZIKV did not lead to significant cytoplasmic localization of METTL3/14 and/or
ALKBHS5, although these proteins were detected in the cytoplasm of uninfected cells
(240). Changes in the localization of these proteins were also not seen in in vitro infec-
tion of Hela cells with RSV (241). For a further review of epitranscriptomic modifica-
tions in viral infection, please see Baquero-Perez et al. (239). In contrast to the results
for ZIKV and RSV, in vitro infection of Huh7 and Vero E6 cells with SARS-CoV-2 resulted
in the recruitment of METTL14 and ALKBH5 (235), as well as other m®A modifiers (242,
243), from the nucleus to the cytoplasm, although this finding could not be repro-
duced in A549%AE2 and in Vero E6 cells (244). The former results readily explain the
decreased replication observed for SARS-CoV-2 following depletion of writer METTL3
(244, 245) and readers YTHDF1 and YTHDF3 (244). This reduced activity is likely the
result of decreased m°A levels, as was observed in Caco-2 cells by Li et al. (245) and
Vero E6 cells by Zhang et al. (242, 243). In addition to changes in viral activity, Li et al.
(245) found that in METTL3 knockdown cells, SARS-CoV-2 infection resulted in an
increase in inflammatory cytokine and chemokine expression. The cytosolic RNA senser
RIG-I was observed to bind SARS-CoV-2 RNA, which was enhanced upon METTL3
knockdown, suggesting m°A methylation acts to prevent recognition of SARS-CoV-2
RNA by RIG-I. Binding of RIG-I to SARS-CoV-2 RNA with mutations in m°A sites further
led to increases in inflammatory gene induction (245). These results are consistent with
previous studies indicating m®A-modified RNA is not bound efficiently by RIG-I, thus
failing to initiate an immune response (246). COVID-19 infection has indeed been asso-
ciated with upregulation of global mRNA m°A methylation, and more severe cases
demonstrate higher methylation levels than mild cases (247). COVID-19 patients also
exhibited an increase in the expression of certain m°A regulators, including METTL14
and, to a lesser extent, METTL3 (248). Unaltered, or even reduced, METTL3/14 expres-
sion, as was observed in lung biopsy samples and bronchoalveolar lavage fluid of
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severe COVID-19 patients (245), may then explain the inability to control SARS-CoV-2
infection through RIG-I-mediated viral sensing.

Sites identified in SARS-CoV-2 as mSA-modified or putative m°A-modified, largely
through the efforts of direct RNA sequencing from infected human lung cell lines, can
be observed in both the genome and subgenome (235, 242-244), though an increased
frequency of this pattern observed for longer viral transcripts (corresponding to S, 3a,
E, and M) relative to the shorter transcripts comprising the remaining 3’ regions, as
well as for transcripts with shorter poly(A) tail lengths (49). Enrichment of m°A methyla-
tion sites in terms of the relative genomic location has also been observed in the 3’
end, similar to HIV (237). m°A modification has been detected in the SARS-CoV-2 nega-
tive sense RNA (235), also enriched at the 3’ genomic end, though generally at a later
stage of infection (235). This finding has been contested by Baquero-Perez et al. (239),
owing to the utilization by Liu et al. (245) of fragmented total RNA, the identification of
mSA modification in SARS-CoV-2 could not be definitely ascribed to either gRNA or
sgRNA. As hinted to above, m°A enzyme writers METTL3/METTL14 exhibit a preference
for methylation of adenine residues in consensus stretches of nucleotides referred to
as DRACH (D being an A, G, or U; R being an A or G; and H being an A, C, or U) (227),
representative of A/G rich stretches of sequence, confirmed by additional studies by
Kim et al. (49). Although the DRACH motif appears frequently across the cellular, and
even SARS-CoV-2, transcriptome (as many as 30 in the N coding gene) (249), relatively
few of these sites are actually methylated in the mRNA of either, and a complete view
of the factors and mechanisms that govern the specificity of m°A methylation has yet
to be elucidated (227, 250-252). Though RNA structure comes to mind, METTL3 and
METTL14 do not show any preference for RNA secondary structure (231). Preference,
however, does not imply lack of impact: the addition of m°A at the specific DRACH
motif GGACU has been shown to affect RNA secondary structure via destabilization of
A-U base pairing but also increasing stabilization of base stacking in unpaired regions
of RNA adjacent to helical regions (253), warranting further investigation into RNA
structural differences and immune recognition of viral RNA.

Although not as robustly characterized as m°A, other epitranscriptomic modifica-
tions have been detected for SARS-CoV-2 and other CoVs as well. The SARS-CoV-2 ge-
nome was found to contain multiple sites modified to 5-methylcytidine (m>C) (216).
These modifications were found to consistently appear at regular positions across the
different sgRNAs (216). This finding is in line with previous direct RNA sequencing of
the HCoV-229E, which revealed the presence of consistent m>C methylation patterns
across the sgRNAs (160). It should be noted that Viehweger et al. (160) represents an
early (but nonetheless important) investigation into direct RNA sequencing of CoVs, as,
at the time, detection of modified bases was limited to cytosines. Additional base mod-
ifications were detected by Li et al. (245) in the SARS-CoV-2 genome via mass spec-
trometry of viral RNA purified from Vero cells, including 2'-O-methylatation of all four
possible nucleosides (Am, Um, Cm, and Gm); modified cytidine derivatives (ac*C, m3C,
and m>C); modified uridine derivatives (pseudouridine [¥] and m5U); and alternatively
modified adenosines (m®°A) (245) (Fig. 10). These findings provide important insights
into SARS-CoV-2 base modification; however, additional studies utilizing direct RNA
sequencing (described in more detail below) to determine RNA base modifications will
be required to fully elucidate these patterns of modification and potentially other
modifications yet to be detected. Currently, there are multiple studies that have per-
formed direct RNA-seq on SARS-CoV-2 (49, 254, 255); however, these investigations pri-
marily focused on the transcriptome and largely omit details on epitranscriptomics
and thus could be valuable sources of data on epitranscriptomics for subsequent anal-
ysis. The value in revisiting these data sets has already been demonstrated by Fleming
et al. whereby in silico analysis of the direct RNA-seq data sets of SARS-CoV-2 provided
by Kim et al. (49) and Miladi et al. (254) suggested the presence of multiple pseudouri-
dine residues, which were not observed previously and were conserved across the
sgRNA (256). The field of epitranscriptomics has grown immensely in the past few
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decades as new methods and technologies aiming to interrogate RNA modification
have both emerged and progressed in rapid fashion. In recent years, the use of next-
generation sequencing has allowed for the enhanced detection of RNA modifications
based either on the recognition of modified bases using antibody immunoprecipita-
tion (228, 257) or by using chemical labeling of modified bases (258-261). The primary
drawback of these methods is their reliance on sequencing-by-synthesis (SBS),
whereby information on base modification may be lost during the reverse transcription
of RNA to cDNA (262). This obstacle has been overcome in recent years, however, by
the use of direct RNA sequencing, primarily using Nanopore technology (160, 261),
which allows for identification of modifications on native RNA while circumventing
many of the biases of SBS by nature of its respectively minimal manipulation of input
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genomic material (262). This technology has shown the capacity for accurate detection
of RNA modification at single-base resolution (263, 264), and the rapid improvement of
this technology only enhances its future potential (262). In this manner, direct RNA
sequencing can thus provide not only information on the identity of bases in an RNA
sequence, but also any present base modifications. Although this represents a power-
ful new tool, it should be noted that there is still much progress to be made; however,
the technology, and the methods and algorithms used to analyze the data it produces,
are both progressing quickly (262).

As has already been discussed, RNA modification plays a prominent, yet underappreci-
ated, role in the biology of SARS-CoV-2 and COVID-19 infections, as well as in many other
RNA viruses. Despite the wealth of longitudinal sequencing that has been amassed glob-
ally, a consummate abundance of data on changes in RNA modification over the course of
the pandemic is painfully lacking. Hence, longitudinal changes in the epitranscriptome of
SARS-CoV-2, as well as any potential selective pressures acting on such, are not currently
known. Accordingly, the complete view of SARS-CoV-2 evolutionary history is missing an
important puzzle piece, without which our understanding of the virus's evolution and our
ability to holistically predict hot spots of future mutation in the SARS-CoV-2 genome are
incomplete. In the future, the new data that can be generated from these technologies
incorporating RNA base identity and base modification can be compounded with RNA sec-
ondary structure analysis, which will necessitate the development of new evolutionary
models and will provide a more robust approach to understanding how these genetic ele-
ments interact to drive evolution.

CONCLUDING REMARKS

As illustrated in this review, the RNA structure of SARS-CoV-2 is critical to various
steps of the viral replication cycle, ranging from transcription to translation, to adapta-
tion through recombination. Historically, the extensive characterization of the untrans-
lated regions of the genome provide a substantial foundation for investigating these
regions in SARS-CoV-2 for their roles in transmission and infectivity, and their use in
small-molecule drug-targeting. However, evolution of CoVs and resulting divergence
of this virus from Alphaviruses, and even other Betacoronaviruses such as SARS-CoV-1,
reveal the need for further study, as do the many additional RNA structures located
within the remainder of the genome.

Several structures within SARS-CoV-2 present as opportunities for small-molecule
inhibition of viral activity, though with specific and varying limitations. While the atten-
uator hairpin functioning in ribosomal frame-shifting for protein translation has shown
drug-targeting capability (186), it is not well conserved and is thus potentially not ideal
for broad application to other CoVs. SL3 within the 5" UTR hypothetically would be a
valuable target due to its ubiquitous involvement in the life cycle, including discontin-
uous transcription regulation and genome circularization required for transcription
and genome replication (37); however, its small size severely limits drug options.
Several small molecules have been designed to inhibit function of the universally pres-
ent SL1 in the 5" UTR, one of which has been tested in animal models, showing promis-
ing results (75). However, the impact of the diversity involving the bulged region
within the stem of SL1 across SARS-CoV-2 variants (65) needs to be addressed.
Alternatively, the S2M motif in the 3" UTR is highly conserved across CoVs, and even vi-
rus families outside of CoV (e.g., Astroviruses) [127]), providing the ideal candidate for
broad-use application, the drawbacks being the likely off-target effects owing to its
similarity to the rRNA loop and frequent deletions observed throughout SARS-CoV-2
(and even CoV) evolutionary history. The remainder of the 3’ UTR is less explored than
the 5" UTR in terms of drug targeting, but also in terms of RNA structure and function
in general, with multiple conformations and functions potentially existing in the 5’
region, the precise function of the two stem-loops flanking the S2M motif, and the
impact of the shorter poly(A) tail for SARS-CoV-2 in 3" UTR structure-mediated proc-
esses such as circularization and recombination.
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TABLE 1 TABLE of current literature examining the structure of the SARS-CoV-2 genome?

Microbiology and Molecular Biology Reviews

Region investigated

Author

Method/tool

Whole genome
Whole genome
Whole genome
Whole genome
Whole genome

Whole genome
Whole genome
Whole genome

Whole genome

Whole genome

Sanders et al. (90)
Huston et al. (101)
Rangan et al. (59)
Andrews et al. (103)
Manfredonia et al. (105)

Alhatlani (273)
Sun et al. (89)
Lan et al. (88)
Cao et al. (266)

Tavares et al. (274)

Whole genome Zivetal. (37)

Whole genome Yang et al. (122)

SL1-8 in the extended 5" UTR and the reverse complement Rangan et al. (106)
of the 5" UTR SL1-4, FSE, and 3’ UTR

5"UTR Miao et al. (65)

5’ Terminus and frame-shift element Iserman et al. (119)

Nsp2 and 3’ UTR Ali Hosseini Rad and McLellan (141)

Genome-scale ordered RNA structure (GORS) Simmonds (275)

5’ Terminus, frame-shift element, and 3’ UTR Wacker et al. (63)

5" UTR Vankadari et al. (276)

3" UTR Zhao et al. (123)

Frame-shift element Zhang et al. (178)

SHAPE-MaPseq
SHAPE-MaPseq
MSA

ScanFold
SHAPE-MaPseq
DMS-MaPseq
Mfold

RNAfold
icSHAPE
DMS-MaPseq
VRIC-seq
RNAstructure
SuperFold
COMRADES
SHAPE-MaP
FARFAR2

In-line probing
RNAse V1 probing
SHAPE-MaP
RNAfold

RNAfold

NMR

DMS footprinting
RNAfold
DMS-MaPseq
SHAPE-MaPseq
DMS-MaPseq

9FSE, frame-shifting element; UTR, untranslated region.

More robust investigation is also required to fully characterize the SARS-CoV-2 pack-
aging signal. The previously established inverse correlation between the presence of
an ORF1ab packaging signal hairpin structure (in Embecoviruses [113]) and presence of
SL5 substructures in the 5’ UTR (Sarbecoviruses [100]) attempts to de-mystify the cir-
cumstances of coronavirus packaging; however, the prediction of SL5 substructures in
MHYV by the recent SHAPE analysis conducted in Yang et al. (78) suggest these regions
might work in concert across Betacoronaviruses. If the role of SL5 structure is truly uni-
versal across coronaviruses, SL5 remains a promising target for small molecule inhibi-
tors (85).

Drugs targeting typical CoV replication would not prove beneficial in preventing
the integration of the virus thought to be responsible for continued detection of viral
RNA in patients considered to have “long COVID.” However, our analysis highlights
that an RNA structure-mediated integration mechanism is unlikely owing to the rela-
tive positions and predicted structures of regions genetically similar to those used in
retroviral integration and LINE1 retrotransposition (Fig. 8). Though additional DNA
sequencing and experimental analysis are required to present evidence in opposition,
results (202, 265) contradicting the findings of Zhang et al. are consistent with our find-
ings, ultimately indicating that if SARS-CoV-2 is indeed being integrated into the ge-
nome of human cells, it is occurring with an unknown mechanism or via a less-stable
LINET RNA structure, the latter of which may explain the hypothesized low rate of
occurrence.

While this review represents a comprehensive collection of studies evaluating
SARS-CoV-2 RNA structure (Table 1), it does not represent the full extent of structural
investigations. We have focused on known structural features of the SARS-CoV-2 RNA
genome most salient to its biological functions, but it is important to keep in mind
that these represent only a fraction of the total structures predicted, yet uncharacter-
ized, in the SARS-CoV-2 genome (266) and our knowledge of posttranscriptional
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modifications on these structures is lacking. Furthermore, given the rate of human
spillover of CoVs in recent years (e.g., references 267, 268), tackling the structural, func-
tional, and therapeutic characterization of the remaining RNA “structurome” would be
infeasible in the amount of time needed before the next CoV outbreak. Integration of
bioinformatic and machine learning approaches with experimental techniques would
greatly benefit this realm of science and the current target of pan-coronavirus treat-
ment and prevention strategies (269).
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