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Abstract: The relentless, protracted evolution of the SARS-CoV-2 virus imposes tremendous pressure
on herd immunity and demands versatile adaptations by the human host genome to counter tran-
scriptomic and epitranscriptomic alterations associated with a wide range of short- and long-term
manifestations during acute infection and post-acute recovery, respectively. To promote viral replica-
tion during active infection and viral persistence, the SARS-CoV-2 envelope protein regulates host
cell microenvironment including pH and ion concentrations to maintain a high oxidative environ-
ment that supports template switching, causing extensive mitochondrial damage and activation of
pro-inflammatory cytokine signaling cascades. Oxidative stress and mitochondrial distress induce
dynamic changes to both the host and viral RNA m6A methylome, and can trigger the derepression of
long interspersed nuclear element 1 (LINE1), resulting in global hypomethylation, epigenetic changes,
and genomic instability. The timely application of melatonin during early infection enhances host
innate antiviral immune responses by preventing the formation of “viral factories” by nucleocapsid
liquid-liquid phase separation that effectively blockades viral genome transcription and packaging,
the disassembly of stress granules, and the sequestration of DEAD-box RNA helicases, including
DDX3X, vital to immune signaling. Melatonin prevents membrane depolarization and protects cristae
morphology to suppress glycolysis via antioxidant-dependent and -independent mechanisms. By
restraining the derepression of LINE1 via multifaceted strategies, and maintaining the balance in
m6A RNA modifications, melatonin could be the quintessential ancient molecule that significantly
influences the outcome of the constant struggle between virus and host to gain transcriptomic and
epitranscriptomic dominance over the host genome during acute infection and PASC.

Keywords: melatonin; liquid-liquid phase separation; depolarization; nucleocapsid; m6A; LINE1;
DDX3X; GSK-3; G3BP1; stress granule

1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has
infected more than 528 million individuals and claimed the lives of over 6 million around
the world since January 2020. The successful implementation of global immunization
programs with ~8.5 billion doses delivered as of late 2021 may have slowed the rate of
hospitalization and mortality. However, the successful immune escape by SARS-CoV-2 has
resulted in the continuous emergence of potent variants such as Omicron and sub-variants
that can evade neutralization by vaccinated sera [1]. These mutations typically emerge
at antigenic sites that are intrinsically disordered with high structural flexibility critical
for antibody escape and immune evasion [2]. Although breakthrough infections from
declining antibody response post-vaccination as well as variant resistance may account for
persistent symptoms in ~19% of fully vaccinated individuals [3,4], ~85.9% of COVID-19
patients from an international cohort of 3762 participants from 56 countries over a period
of seven months beyond acute infection reported significant disability from 203 residual
symptoms involving 10 organ systems [5]. A scoping review that analyzed 50 reports that
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included cohort and cross-sectional studies conducted in Europe (37 studies), Asia (6),
North America (4), South America (1), Africa (1), and an unclarified location discovered
more than 100 persistent symptoms reported by participants at ≥ 4weeks post-infection [6].

The post-acute sequelae of COVID-19 (PASC) may include protracted symptoms
of fatigue, dyspnea, cough, chest tightness, joint stiffness, olfactory dysfunction, and
headache [7], while pulmonary, cardiovascular, neuropsychiatric, and gastrointestinal
syndromes remain as dominant manifestations of PASC [8]. Most “long-haulers” may
experience relapses triggered by physical or mental stress, whereas cognitive dysfunction
or memory issues are common regardless of age [5]. Due to the potential severity and lack
of viable treatments, the National Institute of Health (NIH) launched an initiative with
USD 1.15 billion in grant funding to investigate and find treatment solutions for PASC [9].
The presence of a viral reservoir in PASC patients may explain improvement of clinical
symptoms upon administration of SARS-CoV-2 vaccines [10]. Viral reservoirs are cells or
anatomical sites where a replication-competent form of the virus can persist and accumulate
with higher kinetic stability than the main pool of actively replicating viruses [11]. The
prolonged presence of replication-competent SARS-CoV-2 viral ribonucleic acid (RNA) in
mildly symptomatic or clinically recovered individuals is extensively documented [12–14].
Even in asymptomatic individuals, 50% of intestinal biopsies obtained at 4 months after
COVID-19 infection displayed a lingering presence of SARS-CoV-2 nucleic acids and
immunoreactivity [15].

The prolonged and persistent symptoms in PASC are increasingly associated with
the presence of viral RNA in potential SARS-CoV-2 reservoirs located in extrapulmonary
organs and tissues [16,17], including the central nervous system (CNS) [18]; ocular surface
tissues [19,20], ocular fluids [21,22], and retinal/photoreceptor cells [23]; the olfactory
epithelium [24]; the gastrointestinal tract [25] and feces [12,26]; injured skin [27]; as well
as adipose tissues [28]. In the pharyngeal mucosa [29] and the oral mucosa [30], salivary
glands can be reservoirs for productive replication and transmission [31], while periodontal
pockets may act as viable anatomical environments for rapid viral dissemination and
infection of distant extrapulmonary organs and tissues via gingival peripheral blood vessel
interactions with the circulatory system [17,32,33].

2. Viral Persistence May Modulate Innate Immune Response

Many non-retroviral, single-stranded RNA viruses, including the Ebola virus [34],
measles virus [35,36], Zika virus [37], and SARS-CoV-2 [38,39], can establish viral reservoirs
within a population, employing different mechanisms to increase viral persistence in
hosts that can lead to chronic disease or relapses of acute infection [40]. The Ebola virus
is a negative, single-stranded RNA virus [41] capable of extended viral persistence in
semen [42]. Genomic samples from patients in Guinea infected by Zaire ebolavirus in
2021 revealed a clear lower divergence, supporting the theory that viral persistence and
reactivation can occur on timescales five years or longer to cause a fresh outbreak seven
years after the first epidemic [43]. The Zika virus (ZIKV) can also persist in semen three
months or longer after symptom onset [44], while its persistence in placental tissues can
continue to infect and replicate in fetal brains for several months after initial maternal
infection to cause potential long-term neurocognitive deficits after birth [45–47].

The ZIKV is a single-stranded RNA virus belonging to the family Flaviviridae, genus
Flavivirus [48]. In 1986, Kristensson and Norrby identified seven families of single-stranded
RNA viruses—Picornaviridae, Togaviridae, Coronaviridae, Arenaviridae, Rhabdoviridae, Paramyx-
oviridae, and Retroviridae—that are capable of establishing persistent infections in the CNS
but excluded Flaviviridae due to limited data available at the time [49]. Recent work with
non-lethal neonatal ZIKV mouse models found the presence of ZIKV in the CNS of acute
infection survivors after more than one year to not only interfere with healing but also
contribute to the progressive development of cognitive impairment and behavioral deficit.
The extended presence of ZIKV may also explain the continued increase in the expression
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of inflammatory genes and pro-inflammatory cytokines such as interferon-gamma (IFN-γ)
in the CNS more than one year post-infection [37].

Similarly, in a large, longitudinal cohort of 1096 patients infected by the SARS-CoV-2
virus with mild to critical initial disease, 46.9% reported common symptoms such as fatigue,
sleep irregularities, and muscle weakness 12 months post-infection. Even though 16 of
these patients tested negative for neutralizing antibodies after 12 months, 94% (15/16)
exhibited SARS-CoV-2 T-cell immune response including IFN-γ [50], matching the results
from another study examining mild COVID-19 and the persistence of symptoms and
immune response 12 months post-infection, where two-thirds of the patients presented
specific IFNγ-producing T-cells [51]. Furthermore, there is evidence of antigenic persistence
where the continued memory B cells clonal turnover is observed in individuals even at
6.2 months after recovery from COVID-19 infection. This active humoral response may
express antibodies characterized by enhanced somatic hypermutation, potency, and re-
sistance to mutations in the SARS-CoV-2 receptor-binding domain (RBD) [15]. However,
viral persistence in infected patients with positive COVID-19 retest results was associated
with the failure to create a robust protective humoral immune response [25] that ultimately
contributes to successful immune escape and emergence of new variants which can further
perpetrate viral persistence in individuals with intact immune responses [52,53]. In fact,
the hallmark of COVID-19 disease pathology and progression is the deficiency of antiviral
interferon (IFN) responses that restrict viral production and promote viral clearance. The
global interference with the expression and production of host genes resulting in the effec-
tive antagonism and suppression of the IFN signaling pathway are mediated by diverse
strategies employed by SARS-CoV-2 during infection and replication [54–56]. First and fore-
most is the formation of viral condensates via liquid-liquid phase separation that facilitates
viral transcription and genome packaging to support replication and dissemination.

3. SARS-CoV-2 Proteins Phase Separation Disrupt Host Biomolecular Condensates
That Regulate Gene Expression and Interferon Immune Signaling

Liquid-liquid phase separation (LLPS)—a rapid, energy-efficient, thermodynamic
process fueled mainly by the reduction or a negative change in global free energy—is the
fundamental driving force behind the formation and dissolution of membraneless biomolec-
ular condensates [57–59] in all living organisms, including eukaryotes, prokaryotes, and
archaea [60–63]. Biomolecular condensates are reversible, micron-scale, membraneless,
intracellular compartments that efficiently organize cellular biochemistry by concentrating
and/or sequestering different proteins, RNAs, and other nucleic acids. Increasing the
concentration of resident molecules can accelerate chemical reactions within the complex,
whereas sequestration of molecules such as transcription factors can inhibit their reactions
outside the complex [64]. Viruses often manipulate host biomolecular condensates that
sequester translationally stalled messenger RNAs (mRNA) to maximize replication [65]. As
a result, many viruses target stress granules (SGs), which are cytoplasmic, membraneless
condensates that temporarily sequester non-translating mRNAs and RNA-binding proteins
(RBPs) to stall host bulk translation and limit viral protein accumulation [66,67]. Pathogenic
viral infections trigger the host integrated stress response (ISR) which immediately ini-
tiates the swift formation of SGs that act as emergency triage signaling hubs to regulate
both mRNA translation and repression in order to promote cell survival [68–72]. Cells
depend upon LLPS to support the timely and energy efficient assembly of SGs and other
biomolecular condensates that can regulate immune signaling during viral infection [73].

The ISR comprises four early-responder kinases that phosphorylate eukaryotic trans-
lation initiation factor 2 alpha (eIF2α), which is the core of ISR [74]. Viral infections can
activate one of the four ISR stress kinases—the double-stranded RNA-dependent protein
kinase (PKR) which is induced by interferon [75–77]—leading to the formation of SGs
that not only enhance antiviral innate immune signaling [78] but also inhibit viral protein
accumulation and replication [66,79]. Upon viral infection, PKR is activated by autophos-
phorylation triggered by conformational changes upon binding to viral double-strand RNA
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(dsRNA) that are intermediates of viral replication [80,81]. The mammalian orthoreovirus
uses its double-stranded RNA-binding protein σ3 to inhibit PKR activation and suppress
SG formation, causing myocarditis in infected mice [82], while SARS-CoV-2 N protein
inhibits PKR autophosphorylation and activation via an RNA-dependent interaction with
PKR to suppress SG formation [80]. In addition to induction by ISR phosphorylation
during viral infections, SGs are activated by various endogenous and exogenous stress
signals [83,84], including oxidative stress [85–87], nutrient deprivation [88,89], ultraviolet ir-
radiation [90,91], hypoxia [92,93], and endoplasmic reticulum (ER) stress [94–96]. Increased
cellular oxidative stress resulting in formation of SGs can actually provoke the reactiva-
tion of persistent viral infections by enhancing access to viral molecular condensates that
facilitate viral replication through the colocalization with SGs.

Virus nucleocapsid (N) proteins that adopt homogenous conformations due to pro-
longed stress have increased accessibility to viral genomes that enhance transcription and
replication, and exposure to acute or prolonged mild oxidative stress can alter interactions
of proteins within viral condensates to facilitate the transition from slow viral replication
during persistent infections to activated viral replication that upregulated transcription
and virion budding by 2- to 4-fold [97]. Thus, the necessity to modulate the formation and
function of SGs is likely prioritized by viruses to ensure successful viral replication that is
dependent upon the host translation system. As such, many single-stranded RNA viruses
including the dengue virus [98], Japanese encephalitis virus [99], measles virus [100], West
Nile virus [101], Usutu virus [102], and Zika virus [103], all evolved successful mechanisms
to modulate and interfere with host SG induction and formation. The SARS-CoV-2 virus is
no exception.

3.1. SARS-CoV-2 Evades Host Interferon Responses by Inhibition of the JAK-STAT Signaling
Pathway in a Time-Sensitive Manner

The first line of defense in vertebrates against viral infection is the evolutionarily
conserved innate interferon (IFN) immune system responsible for potent antiviral re-
sponses that inhibit the replication and spread of viruses in the absence of adaptive im-
munity [104,105]. The ISR PKR kinase is activated by IFN [75–77]. Infections by double-
stranded, negative- and positive-strand RNA viruses, as well as DNA viruses, activate
the production of IFNs that initiate a concerted antiviral signaling cascade mediated by
the Janus kinase (JAK)-signal transducers and activators of transcription (STAT) signaling
pathway [106,107]. IFN signaling upregulates the expression of interferon-stimulated genes
(ISGs) that can confer significant viral interference to disrupt viral formation and replica-
tion [108]. Viruses have evolved highly successful mechanisms to block IFN-stimulated
gene production in order to control and counteract IFN antiviral signaling [109]. The
Japanese encephalitis virus (JEV) flavivirus is highly efficient in blocking the IFN-induced
activation of JAK-STAT signaling cascade [110], while IFN inhibition, resistance, attenua-
tion, and evasion by SARS-CoV-2 and variants via various mechanisms have been reported
in great detail [54,111–115]. Deficiencies in the first line IFN defense system may result in
impaired type I IFN responses resulting in high blood viral load that are often associated
with severe and critical COVID-19 patients [116], while the JAK-STAT signaling pathway
may also be suppressed during post-infection by persistent viral reservoirs.

During the acute infection phase, SARS-CoV-2 can inhibit signal transducer and acti-
vator of transcription 1 (STAT1), elevating a compensatory hyperactivation of STAT3 that
results in hypercytokinemia [117–119]. Therefore, the inhibition of JAK-STAT signaling can
potentially attenuate these runaway inflammatory responses [120,121]. Even though JAK-
STAT chemical inhibitors such as ruxolitinib, baricitinib, and tofacitinib may be effective
treatment candidates for SARS-CoV-2-associated inflammatory cytokine storm, respiratory
failure, dysregulated thrombotic process, and multiorgan dysfunction [120,122–126], SARS-
CoV-2 infection was actually enhanced via chemical inhibition of JAK kinases by ruxolitinib
and baricitinib in human induced pluripotent stem cell differentiated into cardiomyocytes
(hiPSC-CMs) that are susceptible to SARS-CoV-2 infection [127]. Moreover, SARS-CoV-2
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has evolved sophisticated mechanisms to evade IFN signaling [128,129]. A post-infection
systematic analysis across diverse cell types revealed pervasive targeting of the proxi-
mal components of the JAK-STAT signaling pathway, including Janus kinase 1 (JAK1),
tyrosine kinase 2 (Tyk2), and the interferon receptor subunit 1 (IFNAR1) that resulted in
cellular desensitization to type I IFN, resistance to IFN-α, and a universal inhibition of
interferon signaling, where a 90% suppression of STAT phosphorylation was observed in
SARS-CoV-2-infected cells compared to uninfected cells [127].

Despite robust induction of type I and III IFNs, primary human airway epithelia
(HAE) and lung cells infected by SARS-CoV-2 were unable to suppress viral replication
unless they were pretreated with exogenous type I IFN. Consequently, even IFN treatment
as early as 8 h post-infection had no significant impact on the reduction of viral replica-
tion rate [130]. Similarly, baicalein—a natural bioactive phenolic flavonoid compound
obtained from the root of Scutellaria baicalensis—which can strongly inhibit recruitment
the SARS-CoV-2 RNA-dependent RNA polymerase (RdRp) through specific binding, was
most effective only from 2 h pre-infection up to 10 h post-infection [131,132]. However,
early induction of T lymphocytes that secrete IFNs targeting SARS-CoV-2 is associated with
patients who exhibited milder symptoms and accelerated viral clearance [133]. The fact
that the IFN innate immune signaling system in healthy children is primed and ready in a
preactivated state across several epithelial cell types may also explain milder COVID-19
disease severity in children compared to adults as a result of increased timely respon-
siveness to viral attack [134–137]. In addition, type I IFNs and ISGs are poorly induced
especially after the establishment of SARS-CoV-2 infection, but the blockade of IFN sig-
naling can be largely impeded by IFN pretreatment (6 h preinfection) while post-infection
treatment at 16 h yielded only modest results [138]. Higher levels of plasma melatonin
in children may mediate the priming and preactivation of their IFN immune response
systems. Compared to adults, children under the age of 15 have considerably higher levels
of nocturnal plasma melatonin, with the highest concentrations found in children between
ages one and three (329.5± 42.0 pg/mL), whereas children < 6 months had the lowest levels
(27.3 ± 5.4 pg/mL)—not dissimilar to adults 70–90 years of age (29.2 ± 6.1 pg/mL) [139].

3.2. The Effects of Melatonin Preactivation of the IFN Signaling Response Are Time- and
Dose-Dependent

Melatonin is extensively reviewed and documented for its potent antiviral prop-
erties [140–145] that can activate type I IFN-/alpha responsible for promoting JAK1/2
signaling and phosphorylation of STAT3 [146–149]. Leukocytes, including neutrophils, are
largely responsible for the production of IFN-/alpha [150,151], and melatonin can increase
the production of leukocytes. Human volunteers supplemented with 20 mg melatonin
exhibited enhanced leukocyte chemokine expression and leukocyte chemotactic response,
while 1 nM physiological concentration of melatonin via intraperitoneal (i.p.) injection
increased the leukocyte count, with statistically significant increases in neutrophils in the
peritoneal cavities of rats [152]. It is perhaps not a coincidence that infants < 6 months with
extremely low levels of melatonin (27.3 ± 5.4 pg/mL) [139] also exhibited a significant
under-activation of IFN and related genes compared to those aged 6–24 months during
respiratory viral infections [153]. The unusually high amount of melatonin in children
between one and three year of age (329.5± 42.0 pg/mL) becomes exceptionally meaningful
when considering similar supporting results from in vitro and in vivo work on melatonin
pretreatment against viral infections.

The priming and preactivation of the IFN immune response system by melatonin
pretreatment and the treatment dose used are directly correlated with survival rates during
viral infections. Balb/c mice infected intranasally with the influenza A/PR/8/34 (PR8)
H1N1 virus had a higher survival rate (~75%) when pretreated at 6 h with 200 mg/kg mela-
tonin (subcutaneous injection) compared to mice similarly treated but at 48 h post-infection
(~40%). However, only 20% of the mice pretreated with 20 mg/kg melatonin or injected
with control solvent (both pretreatment and post-treatment) survived [141]. Adult male
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NMRI outbred mice infected with the Venezuelan equine encephalitis (VEE) virus that were
pretreated with melatonin at 500 µg/kg body weight (bw) either starting three days before
or at the moment of viral infection achieved 25% survival rate at day 10 post-infection,
whereas animals treated with the same level of melatonin 24 h after infection all died by
day 7. In addition, doubling the melatonin dose from 500 to 1000 µg/kg bw reduced
the mortality rate of VEEV-infected mice from 100% to 16% [154]. Correspondingly, in a
multicenter, observational study involving 58,562 hospitalized adult individuals infected
by SARS-CoV-2, daily melatonin dose of 2.61 mg was not associated with reduced mortal-
ity [155]. Conversely, results from a single-center, prospective, randomized clinical trial
reported higher doses of 10 mg melatonin were shown to reduce COVID-19 mortality rates
from 17.1% in the control group (standard therapy, n = 76) to 1.2% in the melatonin group
(standard therapy + melatonin, n = 82) [156]. Conversely, in a retrospective descriptive
case series of patients, 100% of COVID-19 patients (n = 10) given high-dose melatonin
(36–72 mg/day per os) in four divided doses as adjuvant therapy all recovered with reduced
hospital stay without the need for mechanical ventilation intervention [157]. Therefore,
the presence of adequate melatonin before or at the time of infection critically influences
the timely suppression of viral infection and the subsequent expression of various viral
proteins that can modulate host gene expression to cause IFN evasion and resistance that
may result in severe disease progression.

A multi-omic global analysis of infected cells revealed that SARS-CoV-2 expresses
viral proteins that extensively remodeled one-third of the RNA-bound proteome (RBPome),
involving both upregulation and downregulation of more than 300 RNA-binding proteins
(RBPs). The host–virus interaction between cellular and viral RBPs exerted profound effects
on RNA metabolic pathways, noncanonical RBPs, as well as antiviral factors. Of the six
viral RBPs—ORF1ab, ORF9b, M, N, and S proteins—that interact with viral and cellular
RNAs, only open reading frame 1ab (ORF1ab) and the nucleocapsid (N) protein are capa-
ble of establishing the most optimal and stable interactions during UV crosslinking with
RNAs [158]. ORF1ab, the largest gene in SARS-CoV-2, contains open reading frames that
encode polyproteins that are cleaved to yield 16 nonstructural proteins (NSPs) responsible
for assembly, transcription, replication, and control of host gene expression [56,159,160].
During viral replication, expression of the N protein alone was sufficient to block IFN
induction, while expression of the nonstructural protein 1 (Nsp1) was necessary for the
inhibition of IFN signaling [138]. The SARS-CoV-2 Nsp1 is a major pathogenicity factor that
interacts with SG-associated proteins, altering host gene expression and protein synthesis
to enhance viral replication and suppression of the innate immune system [161–164]. It
is not a coincidence that both N and Nsp1 proteins contain intrinsically disordered re-
gions (IDRs) that facilitate LLPS resulting in the formation of viral molecular condensates
critical for replication and infectivity, and that the timely presence of melatonin can dy-
namically regulate viral molecular condensates formed via LLPS to suppress viral infection
and replication.

3.3. SARS-CoV-2 Molecular Condensates Are Viral Replication Factories That Enhance Immune
Suppression and Evasion

SARS-CoV-2 is a single-stranded positive-sense RNA virus that produces negative-
sense RNA when it is replicating in the cytoplasm of infected cells [165]. The first step
in the replication of coronaviruses (CoVs) including SARS-CoV-2 is the synthesis of the
negative-strand counterpart [166,167]. The N protein is the most copiously expressed pro-
tein during viral infections [168] responsible for releasing nascent negative-strand RNA that
promotes a template switch that enables the transcription of subgenomic RNAs [169]. The
enrichment of IDRs in N protein and association with RNA can promote LLPS in infected
cells [170–172], causing the N protein to form biomolecular condensates with both homo-
polymeric and viral genomic RNA under physiological salt conditions in vitro [173,174].
The protein-RNA electrostatic interactions that stimulate N protein phase separation can
be tuned by pH, salt, and RNA concentrations, and enhanced by the prion-like disordered
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sequences in the N- and C-terminal, as well as the linker IDRs [175]. These dynamic
“viral factories” [176,177] formed via N protein LLPS assist in the packaging of the viral
genome into distinct ribonucleoprotein (RNPs) complexes [178], which serve as scaffolds
to accelerate viral replication through association with other host biomolecular conden-
sates assembled from RBPs including stress granules (SGs), fused in sarcoma (FUS), and
TAR DNA-binding protein 43 (TDP-43) [132,175,179–181]. LLPS-mediated viral molecular
condensates may be the fundamental physicochemical process employed by viruses to
increase efficacy of viral replication [182]. The formation of liquid-like, cytoplasmic, mem-
braneless organelles known as viral inclusion bodies (IBs) or “viral factories” where viruses
concentrate and replicate in infected cells is extensively reviewed for many single-stranded,
negative-sense RNA viruses [174,183]. Viruses that utilize inclusion bodies for de novo
RNA synthesis and replication include the Ebola virus (EBOV, EBV) [184], human metap-
neumovirus (HMPV) [185], influenza A virus (IAV) [186], measles virus (MeV) [187], rabies
virus [188,189], respiratory syncytial virus (RSV) [190–192], and the vesicular stomatitis
virus (VSV) [193,194].

In human airway epithelial cell cultures, after successful attachment and fusion to
cytoplasmic membranes, the SARS-CoV-2 N protein induced the formation of IBs in the
cytoplasm that were prone to aggregate close to the apical surface. These membraneless
viral particles were often found to be enclosed in mitochondria in the cytoplasm [195].
Similar to SARS-CoV-2, the expression of EBV N protein generates dynamic, cytoplasmic
IBs responsible for key RNA replication processes during the virus life cycle by recruit-
ing and interacting with important host proteins such as the nuclear RNA export factor
(NXF1) [196,197]. Membraneless IBs formed as a result of LLPS can shield newly syn-
thesized viral RNA from innate immune responses and may even sequester specific host
proteins, such as stress granules marker proteins in order to disrupt the canonical formation
of SGs [198]. The ubiquitous presence of highly disordered regions in viral proteins can
also allow many viruses to freely interact with host biomolecular condensates for efficient
immune evasion, replication, and persistence.

3.4. Interactions between Viral Intrinsically Disordered Regions and Host Biomolecular
Condensates Enhance Viral Replication by Exploiting Stress Responses

Intrinsically disordered regions (IDRs) in proteins often lack a well-defined three-
dimensional structure [199]. IDRs lack the large hydrophobic amino acids that form
structured domains, and can, therefore, conduct rapid exchanges between multiple con-
formations to assemble condensates without altering the affinity of binding interactions
during LLPS [200,201]. Increased cell complexity in eukaryotes is correlated with a sig-
nificantly higher level of disorder compared to prokaryotes [202], implying the lack of
an ordered, three-dimensional structure confers higher flexibility in protein–protein in-
teractions that are instrumental in cell signaling and molecular communication [203–205].
Viruses employ several successful tactics to hijack and control host biomolecular conden-
sates by utilizing the unique features of IDRs in their proteins to accomplish this task [206].
Consequently, IDRs in viruses are often associated with viral infectivity and pathogenic-
ity [207]. Many single-stranded RNA viruses, such as Flaviviridae and Picornaviridae, can
localize to host membraneless organelles (MLOs) including the nucleolus [208–210], the
stress granule [98,99,211,212], and the processing body (P-body) [213,214]. IDR proteins
of the Flaviviridae family including the ZIKV are involved with shell particle formation,
replication, and virulence [215]. Localization to the nucleolus and subsequent disruption of
cell division is a common feature of coronavirus N proteins which contain a high level of
IDRs [2,216].

The SARS-CoV-2 proteome possesses high structural stability with the exceptions of
the N protein and two nonstructural proteins (ORF6 and ORF9b) that are highly disor-
dered [217]. Most SARS-CoV-2 proteins are ordered but can contain disordered regions,
such as the Nsp1 C-terminal region (Nsp1-CTR; amino acids 131–180) [218]. Disordered
regions in viral proteins can easily bind to host proteins to facilitate replication, while at
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the same time, modulate host gene expression for antibody escape and immune evasion
resulting in increased pathogenicity [217]. Most antigenic sites where variants capable of
immune evasion emerge are enriched in IDRs [2,219] and can compromise effectiveness of
neutralizing antibodies generated by vaccines [220]. Approximately 51% of experimentally
determined IDRs in SARS-CoV-2 are located in the N protein [2], and not surprisingly,
sera from mice immunized with nucleocapsid-based vaccines may enhance control of
SARS-CoV-2 infections [221]. Even though human coronaviruses are not distinguished
for possessing abundant IDRs—~7.3% in the NL63 proteome compared to 77.3% in that
of the Avian carcinoma virus [202]—and the SARS-CoV-2 proteome exhibits an extremely
high level of structural order with only a few functionally relevant proteins displaying
IDRs [217], an extensive examination of the dark proteome of this virus revealed that almost
the entire SARS-CoV-2 virus contain molecular recognition features that are important sites
for intrinsic disorder-based protein–protein interactions [222]. While further clarification on
the effects of the dark proteome on interactions with host MLOs is urgently required, much
work has been done to elucidate how NSP1 and N protein IDR interactions with host MLOs
result in translational shutdown and immune inhibition/evasion [55,80,161,164,223–230].
By the end of 2020, there was already abundant evidence demonstrating the SARS-CoV-2
N protein can phase separate to form molecular condensates that interfere with human
host SG formation [132,175].

3.5. SARS-CoV-2 Nucleocapsid Enlists Nonstructural Protein 1 to Shut Down Host mRNA
Translation and Modulate Expression of IFN Genes

The SARS-CoV-2 N protein containing rich IDRs enhance viral replication by phase
separating into high-density membraneless condensates acting as “viral factories” that
can recruit the RNA-dependent RNA polymerase (RdRp) responsible for enabling high
initiation and elongation rates during viral transcriptions [132,231]. In addition, the N
protein can partition into the low-complexity domains and the phase-separated forms of
host biomolecular condensates, including SGs, FUS, and TDP-43, hijacking these MLOs
to accelerate viral replication [175]. At neutral pH, and moderate salt concentration and
temperature, the SARS-CoV-2 N protein is extremely disordered, while phase separation can
induce significant changes in the secondary structure of the N protein that may facilitate the
assembly of RBPs that package the viral genome within viral molecular condensates [171].
Even in the absence of phase separation, the high IDRs in the N protein can significantly
accelerate aggregation of amyloid fibrils in vitro, whereas the structurally stable S protein
of SARS-CoV-2 had no effect on /alpha-synuclein aggregation in SH-SY5Y cells [232].
Perhaps not coincidentally, the mean levels of N proteins in neuron-derived extracellular
vesicles (NDEVs) isolated from plasma of subjects with PASC and neuropsychiatric (NP)
manifestations were significantly higher compared to PASC subjects without NP; resolved,
acute COVID-19 subjects without PASC; and healthy controls [233]. Similarly, Neuro-PASC
patients exhibit higher T cell responses to the nucleocapsid protein compared with control
convalescent patients, supporting the theory that a persistent reservoir of the N protein
is responsible for the activation of unique immunological signatures biased towards N
proteins in Neuro-PASC individuals [234]. Remarkably, skin biopsies obtained from several
PASC patients with symptoms of POTS revealed unusual aggregation of cutaneously
phosphorylated /alpha-synuclein amyloid fibrils [235].

In order to successfully package viral genomes during replication, the N protein
requires support from other nonstructural proteins that can suppress host gene translation
to evade innate immune responses that target and inhibit viral genome replication. The C-
terminal residues 131–180 of the nonstructural protein 1 (nsp1) are intrinsically disordered
in an aqueous environment and are prone to self-aggregation [218]. The potential binding
of nsp1 to mRNA may be responsible for mediating mechanisms behind the successful
evasion of host translation shutoff by nsp1 [236,237]. Conformational changes of nsp1 due
to electrostatic interactions in the IDRs of nsp1 allow highly flexible and indiscriminate
access to binding partners such as host mRNA export receptor heterodimer NXF1-NXT1
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and the ribosomal 40S subunit [164,218,227]. Widely known as a pathogenic virulence
factor, nsp1 effectively shuts down host mRNA translation to prevent expression of IFNs
and ISGs by binding with the 40S and 80S ribosomes to form ribosomal complexes in vitro
and in vivo [138,164,238]. At the same time, molecular interactions between nsp1 and
NXF1-NXT1 block mRNA translocation to the cytoplasm and subsequent translation by
impeding binding of NXF1 to mRNA export adaptors and preventing NXF1 docking at the
nuclear pore complex (NPC) [164,227]. Both the SARS coronavirus and the SARS-CoV-2
virus are highly adept at suppressing host protein synthesis by accelerating the degradation
of cytosolic cellular mRNAs, in essence, hijacking the host translation machinery to impair
the translation of innate immune genes to inhibit antiviral responses that include the IFN
signaling system—the first line of defense in vertebrates [56,129,239,240].

Ribonucleic acid (RNA) is a single-stranded molecule with alternating ribose and
phosphate groups attached to adenine, uracil, cytosine, or guanine bases [241]. RNA regu-
lates phase separation formation of MLOs by providing multivalency through nonspecific
negative charges [242,243]; and the nongenetically coded, reversible, epitranscriptomic
modifications in mRNAs play vital roles in stress responses, especially during viral infec-
tions [244,245]. Thus, viral N6-methyladenosine (m6A) epitranscriptomic modifications
that can change charge, conformation, and anchoring of RNA-binding proteins (RBPs)
not only regulate and enhance viral and cellular phase separation [246], but also promote
mRNA degradation and/or suppression of mRNA translation, become extremely relevant
during viral replication [247,248]. Viral RNA m6A can deviously mimic host cellular RNA
to assist viruses escape detection by innate immune surveillance [249,250]. Viruses includ-
ing SARS-CoV-2 effectively exploit m6A modifications to suppress interferon signaling
and increase viral gene expression. Consequently, a reduction in m6A modifications in
SARS-CoV-2 or other viruses and host genes enhances downstream innate immune sig-
naling and the expression of IFN genes that drive the type I interferon response [251,252].
Therefore, the ability to modulate viral and host m6A modifications and the timely inhibi-
tion of N protein phase separation may be critical in the effective dismantling of the viral
replication machinery of SARS-CoV-2 and other viruses. Melatonin may be the quintessen-
tial linchpin—being an evolutionarily conserved regulator of viral/host LLPS and m6A
epitranscriptomic modifications—that can reduce viral replication and persistence during
viral infection and PASC development (Figure 1).Int. J. Mol. Sci. 2022, 23, 8122 10 of 80 
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protein causes extensive mitochondrial distress and elevates oxidative stress via membrane depo-
larization and ionic imbalances that activate LINE1 derepression, NLRP3 inflammasome apoptotic
signaling, stress granule formation, and nucleocapsid (N) protein liquid-liquid phase separation
(LLPS). N protein LLPS forms membraneless condensates that not only facilitate viral transcription,
genome packaging, and dissemination, but also enhance the suppression of host gene expression to
evade innate immune responses via the disassembly of stress granules and the hijacking of DEAD-box
RNA helicase DDX3X. Melatonin employs antioxidant-dependent and -independent strategies to
modulate m6A modifications, suppress LINE1 derepression, rescue mitochondrial dysfunctions,
and reduce oxidative stress. Melatonin regulates N protein LLPS to block the sequestration of
DDX3X and the formation of NLRP3 inflammasome, as well as the disassembly of stress granules
to support innate antiviral immune response, inhibiting viral transcription and replication, main-
taining host gene stability and integrity to prevent severe disease and PASC (see Abbreviations for
additional acronyms).

4. Melatonin Is an Ancient Molecule That Can Regulate Virus Phase Separation

Melatonin (N-acetyl-5-methoxytryptamine) is a ubiquitous, mitochondria-targeted
molecule present in all tested eukarya and bacteria [253]. In March 2022, the first discovery
of the serotonin N-acetyltransferase (SNAT) gene—responsible for the penultimate forma-
tion of N-acetylserotonin (NAS) [254] before its final conversion into melatonin [255]—in
archaea [256] further consolidates the status of melatonin as a regulator of biomolecular
condensates in all three domains of life in the cellular empire [257]. Phase separation is an
energy efficient thermodynamic process used by living organisms in all three domains of
life [57,60–63] to rapidly respond and adapt to changing environments under stress as a
fundamental survival strategy [258,259]. Melatonin is present in many primitive unicellular
organisms such as Rhodospirillum rubrum (precursor to mitochondria) and the cyanobacteria
(precursor to chloroplasts) [260,261]. The fact that cyanobacteria uses adenosine triphos-
phate (ATP) to regulate the assembly and disassembly of biomolecular condensates in order
to conserve energy expenditure during low metabolic activities in the absence of light or
ATP production [262] may imply that melatonin exerts distinct modulatory control over
phase separation not only in eukaryotes, but also prokaryotes, where condensate formation
is tightly correlated with reduced ATP levels from impaired ATP hydrolysis [263].

Melatonin is well recognized for its ability to protect and enhance ATP production
in mitochondria of eukaryotic cells [264,265] that acquired melatonin synthetic ability via
horizontal gene transfer from prokaryotic cells including the cyanobacteria [261,266,267].
Therefore, early life forms may have utilized melatonin as a potent regulator of host and
viral phase separation during stress and viral infection. The reversible assembly of adaptive,
evolutionarily conserved, stress-triggered, survival-promoting membraneless condensates
are dynamically tuned by ATP, RNA, and/or molecules and processes dependent upon
ATP and RNA [64,69,268–270]. Thus, it is not unexpected to find LLPS of SARS-CoV-2 N
protein to be modulated by both ATP and RNA, and that melatonin may exert unique and
significant regulatory controls over viral LLPS.

4.1. ATP and RNA Controls N Protein Phase Separation in a Biphasic Manner

The hydrolysis of ATP phosphoanhydride bonds provides free energy to support
post-translational modifications including phosphorylation that can either maintain fluid
phases or generate supersaturation gradients to initiate phase separation and induce
condensate assembly [57,271,272]. However, ATP can also become a biological hydrotrope
at physiological ranges between 2 and 8 mM to solubilize LLPS-formed condensates by
reducing intermolecular contacts, increasing hydration, and promoting solubility [268,273].
Similarly, the high negative charge densities buried in the phosphate backbones of RNA
confer powerful electrostatic forces that can fine-tune the composition and morphological
outcome of condensate phases in LLPS [274,275]. LLPS and condensate formation is
enhanced by low levels of negatively charged RNA interacting with positively charged
proteins, whereas condensates are dissolved by high levels of negatively charged RNA
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that repel positively charged proteins [270]. Thus, how an organism employs melatonin
to control the level of ATP concentration and modify RNA properties to effectively tune
the size, shape, viscosity, and composition of biomolecular condensates [268,276] directly
affects the health and survival of the organism.

In 2021, Dang et al. showed for the first time that ATP modulates SARS-CoV-2 N pro-
tein phase separation in a biphasic manner, and that ATP is capable of completely dissolving
viral condensates formed by N protein LLPS at molar ratios of 1:500 (N-protein:ATP). Con-
versely, droplets began to assemble at a lower molar ratio of 1:25 and continued to increase
in number and size with increasing ATP, but only up to a concentration of 1:200, beyond
which additional ATP actually reduced droplet numbers until all condensates formed were
totally dissolved at 1:500 molar ratio [277]. In the same manner, RNA and the IDR in
SARS-CoV-2 N protein drive phase separation in an RNA-dependent manner. N protein
and nonspecific 17-mer ssRNA could phase separate into condensates only within a defined
range of RNA concentration, where 10 µM N protein induced maximal phase separation
together with 5 µM 17-mer RNA, whereas further increases in RNA concentration inhibited
phase separation [278]. The addition of a longer 24-mer poly(A) (A24) RNA at a molar ratio
of 1:0.5 (N-protein:RNA) also increased N protein phase separated droplet size and turbid-
ity value to ~2 µM and 0.97, respectively. However, to dissolve droplets formed by LLPS of
N protein and A24, a much higher level of ATP at a molar ratio of 1:750 (N-protein:ATP)
was found to be necessary [277].

4.2. Elevated Extracellular ATP May Reduce Viral Replication

Extracellular ATP reduces viral replication in the vesicular stomatitis virus (VSV),
Newcastle disease virus, murine leukemia virus, and herpes simplex virus (HSV) [279].
Elevated extracellular ATP is a part of the host danger signal response [280], and elevated
ATP release is not uncommon during viral infection in vitro and in vivo. Similar to ATP
synthase dimers that localize exclusively to high-curvature cristae invaginations of the inner
mitochondrial membranes (IMMs) [281], the production and hydrolysis of extracellular
ATP are also dependent upon the structural integrity of high-curvature caveolae and
lipid raft domains where ATP synthases and ATPases are commonly localized [282,283].
Severe COVID-19 in children is rare. Compared with healthy controls, children with acute
COVID-19 infections, whether severe or mild, all exhibited higher plasma levels of ATP
that were negatively correlated with the frequency of regulatory T cells but positively
correlated with the frequency of CD4+ T cells [284]. Conversely, the level of CD4+ T cells—
regarded as a biomarker of protective immunity [285]—is usually significantly reduced
in adults with severe or critical COVID-19 compared to healthy controls [286]. Melatonin
protects both mitochondrial and extracellular ATP production by maintaining curvature
and ensuring structural integrity of lipid domains where ATP synthases and ATPases are
located [287]. The ability of SARS-CoV-2 to disrupt ATP synthases, and its efficacy in
modulating mitochondrial dynamics and metabolism to evade host immune response,
enhance replication, and establish viral persistence may be attenuated by the well-timed
presence and/or application of adequate melatonin [288].

5. Melatonin Protects Mitochondria and ATP Production to Inhibit N Protein Phase
Separation

Mitochondria are the “energy powerhouse of the cell” that control respiration and
ATP synthesis [289,290], and mitochondria are directly targeted by viruses during infection
to facilitate the modulation of cellular metabolism and innate immunity [291]. The fun-
damental features of optimal mitochondrial dynamics are characterized by the ability to
connect and elongate (fusion), divide (fission), and turnover (mitophagy). Disruption of
mitochondrial bioenergetics during viral infections may explain how RNA viruses hijack
mitochondrial dynamics to support viral replication and persistence [292]. Both the hep-
atitis B and hepatitis C viruses promote chronic liver damage by altering the balance of
mitochondrial dynamics towards fission and mitophagy in order to reduce virus-induced
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apoptosis, thereby enhancing viral persistence [293,294]. The SARS-CoV-2 virus relies on
a sophisticated, multipronged approach to commandeer and manipulate mitochondrial
dynamics and metabolism, evading mitochondria-dependent immune response to promote
viral replication and pathogenesis [295]. The SARS-CoV-2 dsRNA, which is an intermediate
of positive-strand RNA virus replication, has been found to localize in mitochondria [296],
while computational modeling of SARS-CoV-2 viral RNA subcellular localization revealed
much stronger transcript residency signals toward the mitochondrial matrix and nuclear
compartments compared to other coronaviruses [297]. An analysis of changes in molecular
composition of mitochondria captured by Raman microspectrometry and biomolecular
component analysis (BCA) algorithm found a marked reduction in mtDNA content in
microglia treated with spike protein or heat-inactivated SARS-CoV-2 virus [298].

Integrative imaging techniques provided evidence of extensive alterations to cellular
organelles, including significant fragmentation of the Golgi apparatus and perturbation of
mitochondrial morphology and function. Mitochondria in cells infected by SARS-CoV-2
displayed swollen cristae and matrix condensation, together with significant decreases in
mitochondrial ATP synthase subunit 5B (ATP5B) that implies metabolic rewiring away
from oxidative phosphorylation in favor of glycolysis [299,300]. The SARS-CoV-2 virus
enhances replication by causing mitochondrial dysfunction via membrane depolarization
and mitochondrial permeability transition pore (mPTP) opening in a time-dependent man-
ner, with more damage observed at 12 h post-infection compared to 3 h. In order to prevent
clearance and degradation of damaged mitochondria, the SARS-CoV-2 virus stalls initiated
mitophagy to suppress mitochondrial quality control and clearance of virus by inhibiting
binding of mitophagy mediator LC3 and its binding adaptor protein p62 [296,301]. In dia-
betic cardiomyopathy (DCM), the clearance of dysfunctional mitochondria by mitophagy is
often impaired. In a DCM mouse model, melatonin supplementation at 20 mg/kg/day for
4 weeks increased the expression of both LC3-II and p62, resulting in upregulated Parkin-
mitophagy that increased clearance of dysfunctional mitochondria to restore mitochondrial
quality control [302].

5.1. Melatonin Rescues Mitochondrial Membrane Potential from SARS-CoV-2 Envelope
Protein-Induced Depolarization

RNA viruses and bacterial infections promote ion channel activities, resulting in mem-
brane depolarization that can activate pro-inflammatory, apoptotic NLR pyrin domain
containing 3 (NLRP3) inflammasomes that are a major source of inflammatory IL-1β and
IL-18 cytokines [303–306]. The SARS-CoV envelope (E) protein is a viroporin that regu-
lates host cell microenvironment including pH and ion concentrations, causing death in
humans and animal models by inducing the pro-inflammatory NLRP3 inflammasome
response [307–309]. Using similar mechanisms, the SARS-CoV-2 E protein also increases
pathogenicity by forming a homopentameric cation channel to modify host ion channel
homeostasis in support of viral replication [310–313]. Mutations of the E protein can
enhance the open channel conformation in ion-channel functionality, causing increased
virulence and pathogenicity that are correlated with high COVID-19 mortalities [314].
Ion channels formed by viroporins not only allow water and ions to penetrate cell mem-
branes [315], but also generate progressive membrane permeation and damage, disrupting
membrane potential and collapsing ionic gradients that facilitate viral budding and release,
spreading the virus to surrounding cells [316,317]. Molecular dynamic simulations demon-
strated that the E protein can promote viral replication by reducing intracellular calcium in
transfected cells and enhance viral budding by bending surrounding lipid bilayers [318].

5.1.1. Membrane Depolarization Impairs Oxidative Phosphorylation and Cation
Homeostasis

Mitochondria infected by SARS-CoV-2 display swollen cristae [299,319,320]. Modu-
lations to cristae topology directly affects mitochondrial function and bioenergetics [321].
ATP synthesis during oxidative phosphorylation (OXPHOS) in mitochondria is depen-
dent upon the F1F0 ATP synthase (complex V) of the electron transport chain (ETC) to
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drive proton re-entry powered by chemical energy maintained by the negative membrane
potential (∆Ψm) of inner mitochondrial membrane (IMM) consisting of inner boundary
membranes (IBMs) and cristae—the principal site of oxidative phosphorylation in mi-
tochondria [322–325]. Changes in the ∆Ψm—depolarization or hyperpolarization—by
a decrease (less negative) or an increase (more negative) of the ∆Ψm, respectively, can
alter mitochondrial homeostasis and bioenergetics [322]. Proper ∆Ψm of IBM maintains
a strong electrical force to keep protons close to cristae membrane within the intercristal
space (ICS; cristae lumen) [326–328]. Depolarization of the mitochondria membrane can
cause a partial or complete collapse of the ∆Ψm [329], resulting in dysfunctional, swollen,
unfolded cristae that no longer can maintain optimal ATP production via OXPHOS [330].
Decline of the ∆Ψm causes matrix condensation, leading to the unfolding of cristae which
expands matrix volume to cause mitochondrial swelling [331,332]. Decreased ∆Ψm reduces
ATP production by lowering ETC activities, but targets damaged areas for clearance by
mitophagy [333–335]. Yet, inhibition of mitophagy by SARS-CoV-2 prevents the timely
clearance of dysfunctional mitochondria that prevents higher ATP production via OXPHOS
in favor of glycolysis [300,336–338].

Membrane depolarization from viroporin ion channel activities can elevate production
of reactive oxygen species (ROS) via increased matrix pH due to cation influx and/or
anion efflux [339]. Depolarization opens different types of voltage-gated calcium chan-
nels (VGCCs) in a wide range of cell types including both excitable and nonexcitable
cells [340,341]. Opening of VGCCs allows the rapid influx of extracellular calcium (Ca2+)
that serves as electrical signaling messengers to initiate different important cellular pro-
cesses [342]. Viruses—including the poliovirus [343], alphavirus [344], human immun-
odeficiency virus type I (HIV-1) [345], influenza virus [346], SARS-CoV [347], and SARS-
CoV-2 [310]—encode viroporins to form ion channels in host cell membranes that facilitate
membrane permeability to promote viral entry, replication, release, and dissemination
to surrounding cells [347]. Dysregulated calcium signaling may underlie autonomic dys-
functions [348,349] often associated with PASC [350–352], including postural orthostatic
tachycardia syndrome (POTS) [353,354]. Unlike viroporins of other viruses that increase in-
tracellular Ca2+ by modulating plasma membrane permeability [355,356], the SARS-CoV-2
E protein can decrease Ca2+ content in transfected cells by ~61.5% (0.1286 ± 0.0745 AU,
N = 22) compared to nontransfected cells (0.2002 ± 0.096, N = 19; p = 0.01), indicating po-
tential leakage, suppression, or sequestration of Ca2+ by the virus. Secondary osteoporosis
often occurs with PASC, where a decrease in bone mineral density (BMD) by a mean of
8.6% (±10.5%) could be detected in COVID-19 at a mean of 81 (±48) days after hospital
discharge. This significant loss in BMD far exceeded normal age-related annual BMD loss,
resulting in a two-fold increase in the osteoporosis ratio [357].

Furthermore, the SARS-CoV-2 E protein is localized intracellularly and may be respon-
sible for proton efflux in transfected cells [318]. An acidic pH can adjust the conductivity
and ion selectivity of the ion-conducting transmembrane domain of E protein by protonat-
ing the Glu8 side chain carboxyl, altering the carboxy-terminal conformation [312]. The
influenza B virus viroporin proton channel is pH-gated and mediates virus uncoating when
activated by acidic pH [358]. Ionic imbalances in cells affecting the homeostasis of cations,
including calcium (Ca2+), magnesium (Mg2+), zinc (Zn2+), potassium (K+), and sodium
(Na+), can interfere with innate and adaptive immunity that affect the pathogenicity of
viruses [307,359–361].

5.1.2. Viroporin Ion Channel Activities May Regulate Virus Phase Separation

Potassium (K+) efflux triggers the activation of the NLRP3 inflammasome upon in-
fection by RNA viruses [303], including SARS-CoV-2 [362,363], where elevated urinary
loss of potassium is often associated with COVID-19 disease severity [364]. Experimental
work showed the SARS-CoV-2 ORF3a viroporin priming and activation of the NLRP3
inflammasome were dependent upon K+ efflux [365]. K+ is a rate-liming modulator of
the glutamate transport cycle, where intracellular K+ relocates the glutamate binding
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site to the extracellular side of the membrane, and extracellular K+ induces glutamate
release upon transporter relocation [366]. Glutamate promotes LLPS of the Escherichia coli
single-stranded-DNA binding protein [367]. Thus, K+ efflux that can elevate glutamate
availability [368] may enhance SARS-CoV-2 phase separation. Indeed, altered glutamine
metabolism and dependence on glutamine receptor subtype 2 for internalization are associ-
ated with SARS-CoV-2 infections [369,370]. Mitochondrial dynamics dysfunction and Ca2+

dysregulation as a result of membrane depolarization induced by viroporin ion channel
activities can also affect leucocyte functionality to suppress and evade immune responses
during SARS-CoV-2 infection to enhance viral phase separation for viral replication.

5.2. Melatonin Attenuates Membrane Depolarization and Balances Ion Homeostasis by
Antioxidant-Dependent and -Independent Mechanisms to Protect Mitochondria and Lymphocytes
during Viral Infection and PASC

Leukocytes of patients recovered from COVID-19 presented loss of mitochondria
membrane potential (∆Ψm) even at 11 months post-infection [371]. Leukocytes are respon-
sible for the production of first line IFN-/alpha immune response [150,151], and the loss
of ∆Ψm caused by viroporin-mediated membrane depolarization may be one of the most
important underlying causes for the development of PASC [371]. Lymphopenia and the
depletion of T lymphocyte subsets were found in 98% (153/157) of patients infected by
SARS-CoV in 2003 without any preexisting hematological disorders [372]. Correspondingly,
patients infected by SARS-CoV-2 are associated with persistent lymphopenia [373,374]
and functional exhaustion of lymphocytes [375]. COVID-19 disease progression is corre-
lated with a nearly three-fold increased risk of severe COVID-19 (random effects model,
OR = 2.99, 95% CI: 1.31–6.82) [376], while low lymphocyte counts in patients are deemed to
be effective predictors of disease severity and hospitalization [377,378].

T lymphocytes are dependent upon functional mitochondria to supply local ATP and
to maintain Ca2+ homeostasis and signaling during all stages of immune response [379,380].
In T lymphocytes, expression of 75% of the genes associated with survival and prolifera-
tion are dependent upon Ca2+ influx [381], while mitochondrial dynamics often affect T
lymphocyte chemotaxis, where mitochondrial fusion protein OPA1 inhibits lymphocyte
migration and chemotaxis, but fission enhances both migration and chemotaxis [382]. It is
perhaps not a coincidence that depolarization of mitochondrial membranes can activate
dynamin-related GTPase OPA1-dependent fusion to inhibit lymphocyte chemotaxis [383],
and that the E protein viroporin can deplete intracellular Ca2+ content [318]. Stimulation of
T lymphocytes triggers immediate accumulation of active mitochondria with elevated Ca2+

influx and heightened OXPHOS, which can also cause transient collapse of ∆Ψm due to
intense ETC activities, ion flux, and ATP release across the mitochondrial membrane [379].
Thus, inability to repolarize ∆Ψm results in a reduction of ATP generation from the loss
of electrochemical potential that maintains the gradient that drives the F1F0 ATP synthase
(complex V) [333,384]. Moreover, membrane depolarization also prevents store-operated
Ca2+ influx after store depletion [385]. Cell sorting experiments revealed that mtDNA
damage occurs only in human fibroblast cells with low ∆Ψm sustained for 24 h. These cells
exhibited continuous, elevated production of hydrogen peroxide (H2O2) that potentially
accentuated a feed-forward cascade of increasing ROS that impaired repair responses and
increased mtDNA lesions, resulting in apoptosis [386]. Taken together, membrane depolar-
ization by E protein suppresses not only ATP-dependent purinergic signaling that supports
T lymphocyte immune response functions, but also T lymphocyte-mediated expression of
genes that are dependent upon Ca2+ influx [379,381]. In its multipronged strategies against
the SARS-CoV-2 virus, melatonin not only promotes the production of leukocytes [152], but
also attenuates membrane depolarization to protect lymphocyte functionality (Figure 1).

Melatonin is a pleiotropic molecule that can maintain optimal membrane poten-
tial by either increasing or reducing ∆Ψm for maximum efficiency. In hyperpolarized,
prorenin-treated microglia, treatment with 100 µM melatonin reduced ∆Ψm and attenu-
ated hyperpolarization and ROS overproduction [387]. Conversely, in mitochondria of
human oocytes, 10 µM melatonin treatment decreased excessive intracellular Ca2+ levels to
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restore mitochondrial function and significantly increased membrane potential compared
to control levels [388], while 1 µM melatonin added to post-thawed equine sperm increased
mitochondrial membrane potential and improved mitochondrial function [389]. Membrane
depolarization prevents store-operated Ca2+ influx after store depletion [385], disrupting T
lymphocyte-mediated gene expressions [381]. However, treatment with 500 µM melatonin
markedly elevated cytosolic calcium in human platelets by evoking store-operated calcium
release from platelet mitochondria [390]. An analysis of human neutrophil respiratory
burst and membrane potential changes found melatonin to increase depolarization at
concentrations up to 0.5 mM, whereas 2 mM melatonin concentration decreased ∆Ψm in
neutrophils activated by phorbol 12-myristate 13-acetate (PMA) [391]. Mitochondrial inner
membrane depolarization in human HaCaT keratinocytes irradiated with UVB radiation
(50 mJ/cm2) was normalized by preincubation with 0.01 mM to 1 mM melatonin via the
reduction of mitochondrial ROS (mROS) and inhibition of mitochondrial permeability
transition pore (mPTP) opening [392].

Viroporin-induced membrane depolarization elevates production of ROS via ionic im-
balances from dysregulated cation influx and/or anion efflux [339]. The SARS-CoV-2 virus
can also escalate ROS release in Vero E6 cells via opening the mPTP, causing subsequent
depolarization and further oxidative stress damage in a time-dependent manner [296,393].
In a self-perpetuating positive feedback loop, oxidative stress from unneutralized excess
ROS leads to even more rapid depolarization of the inner mitochondrial membrane poten-
tial and subsequent disruption of OXPHOS and ATP production. Damaged mitochondria
continue to produce more ROS, resulting in the dreaded ROS-induced ROS release (RIRR)
loop [394]. ROS can also cause physiological lipid peroxidation [395], where oxidants
attack the carbon-carbon double bond in lipids, initiating a cascading chain reaction that
terminates in the formation of reactive aldehyde end products including 4-hydroxynonenal
(HNE) [396]. In a pilot study of 21 critically ill COVID-19 patients admitted to the ICU, the
only difference in clinical or laboratory parameters monitored between the 14 patients who
recovered and the 7 who passed away was the significantly higher level of HNE-protein
adducts (p < 0.05) obtained from the plasma of the deceased patients compared to levels in
survivors during the initial 1–3 days in hospital [397].

Melatonin and its metabolites are potent inhibitors of lipid peroxidation cascades and
are extremely effective at scavenging different types of ROS [287,398–403]. In leukocytes ir-
radiated with 750 mJ/cm2 UVB light (280–360 nm, max: 310 nm), treatment with melatonin
suppressed ROS directly in a dose-dependent manner where 10 mM melatonin reduced
ROS formation in leukocytes by 260-fold, while 7.5 mM and 5 mM reduced ROS by 120-
and 60-fold, respectively [404]. In addition to decreasing ROS via antioxidant-dependent
mechanisms [405,406], the regulation of depolarization by melatonin may be via an ionic-
based, antioxidant-independent mechanism. The repolarization of gonadotrophin-releasing
hormone (GnRH)-induced membrane depolarization in neonatal rat pituitary cells by mela-
tonin could be mediated through the inhibition of Ca2+ influx or a hyperpolarization
mechanism that is sodium-dependent, involving modulation of the Na+/K+-dependent AT-
Pase [407]. Jurkat cells undergo apoptosis from anti-Fas-induced mitochondrial membrane
depolarization where inhibition of the Na+/K+ ATPase prevented membrane repolar-
ization via the suppression of monovalent ion movements, particularly the intracellular
accumulation of Na+ during sustained depolarization without repolarization [408].

Melatonin is an osmoregulator with pleiotropic effects on plasma sodium concen-
tration in animal models [409,410]. This ancient molecule is indispensable in maintain-
ing ion homeostasis in plants [411–413], and its comprehensive role as a “broad-based
metabolic buffer” includes rhythmic circadian modulation of the Na+/K+-ATPase as well
as the Na+/H+ exchanger ion-transport activities in human erythrocytes via antioxidant-
dependent and -independent mechanisms [414,415]. Both Na+/K+-ATPase and Na+/H+

can influence transmembrane chemical gradients [416,417], as well as cytosolic pH and
ionic balance [418–420]. Therefore, it is not inconceivable that melatonin can adjust salt
homeostasis via Na+/K+-ATPase to regulate LLPS during viral infections as high salt or
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extremely low salt concentration can inhibit LLPS [421]. Hyponatremia where plasma
sodium concentration is below 135 mmol/L is often associated with viral infections in-
cluding COVID-19 [422]. Furthermore, in vitro experiments found 1.5% NaCl solution can
achieve 100% inhibition of SARS-CoV-2 replication in nonhuman primate kidney Vero cells,
while 1.1% of NaCl can inhibit viral replication by 88% in human epithelia lung Calu-3
cells [423].

The Na+/K+-ATPase is a P-type ATPase that utilizes energy from ATP hydrolysis
to pump ions across membranes generating an electrochemical gradient [424]. Nonmi-
tochondrial ATPases including P-type Na+/K+-ATPases are often localized in lipid raft
microdomains in lipid bilayers of plasma membranes [425–427]. Increased ROS from oxida-
tive stress can reduce membrane fluidity and performance of Na+/K+-ATPases [428–431].
Melatonin maintains membrane fluidity by inhibiting lipid peroxidation cascades in
an antioxidant-dependent manner [398,399,432–434], while its ability to stabilize liquid-
ordered (Lo)-liquid-disordered (Ld) phase separation in lipid bilayers (tested over a range of
temperatures up to 45 ◦C) preserves necessary lipid raft composition and nanoscopic struc-
ture to support various ATPase activities, including those of Na+/K+-ATPases [414,435].

An analysis of information obtained from various neutron scattering techniques access-
ing membrane structure and dynamics from SARS-CoV-2 protein–host interactions revealed
that molecular interactions during spike protein fusion peptide binding events could in-
duce changes in membrane fluidity and rigidity where fusion peptide 1 increased rigidity
while fusion peptide 2 reduced fluidity [436]. Other morphological changes induced by
SARS-CoV-2 as a result of fusion events include modification of both lipid composition
and membrane structure to produce non-lamellar cubic membranes that facilitate mem-
brane fusion during viral infection [437]. The oxidation of high curvature lipids such as
cardiolipin (CL) can result in the rearrangement of lipids in plasma membranes from a
fluid lamellar phase to a non-lamellar cubic phase that can impact membrane integrity and
stability. The fact that cubic membranes are usually found in membranes with high intrinsic
curvature, such as mitochondrial inner membranes with deep cristae invaginations formed
by high-curvature lipids that host ATP synthase dimers [281,438,439], further explains how
SARS-CoV-2 and other viruses modulate mitochondrial function to favor glycolysis over
OXPHOS.

5.3. Melatonin Protects Mitochondria Cristae Morphology and ATP Production via
Antioxidant-Dependent and -Independent Mechanisms

Phase separation of SARS-CoV-2 N protein may be biphasically modulated by ATP
where ATP can completely dissolve viral condensates, which promote pathogenicity and
replication, formed by N protein LLPS at molar ratios of 1:500 (N-protein:ATP), but en-
hance assembly of condensates from low molar ratios of 1:25 up to 1:200 [277]. Hence,
mechanisms associated with viral fusion and enhanced viral replication involve targeting
of mitochondrial bioenergetics and the production of ATP. An analysis of bulk RNA-seq
datasets from COVID-19 patients and healthy controls revealed a marked reduction of
mtDNA gene expression in various types of cells including the immune system, with
concomitant elevation of genes expressing glycolytic enzymes, and ROS production [336],
while an interactome analysis identified multiple mitochondrial proteins that interact with
the SARS-CoV-2 N protein [440]. Elevated glucose and sustained aerobic glycolysis in
monocytes of COVID-19 patients are directly responsible for boosting viral replication,
causing increased NLRP3 inflammasome and cytokine production, inhibition of T prolifera-
tion, and apoptosis of lung epithelial cells [338,441]. Metabolic alterations in live peripheral
blood mononuclear cells (PBMC) obtained from patients with COVID-19 showed exten-
sive mitochondrial dysfunction with compromised respiration but increased utilization
of glucose serving as primary substrate for energy production in place of OXPHOS [442].
Substituting OXPHOS ATP production with aerobic glycolysis may lead to a more than
16-fold reduction of ATP. The theoretical maximum of ATP calculated from simultaneous
measurements of oxygen consumption and extracellular acidification showed OXPHOS
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to yield 31.45 ATP/glucose (maximum total yield 33.45), whereas glucose yields only 2
ATP/glucose [443]. Considering ATP can completely dissolve N protein phase separation
condensates at concentrations 2.5- to 20-fold above assembly concentrations, with disas-
sembly starting beyond 8-fold increases, it is not surprising that the timely application of
melatonin can effectively suppress viral replications.

5.3.1. Melatonin Suppresses Aerobic Glycolysis to Enhance Oxidative Phosphorylation

Melatonin is a powerful glycolytic that can inhibit aerobic glycolysis (the “Warburg
effect”) by steering pyruvate metabolism towards the citric acid (tricarboxylic acid, Krebs)
cycle and OXPHOS, and avoiding aerobic fermentation of glucose by glycolysis [444–446].
Melatonin can enhance mitochondrial OXPHOS ATP production [265] by different mecha-
nisms including the stimulation of the SIRT3/PDH axis to reverse the Warburg phenotype
in lung cancer cells in vitro [447]; and the suppression of hexokinase-2 overexpression to
ameliorate glycolytic overload, improving mitochondrial ATP production and normaliz-
ing glycolysis to protect mitochondrial function in chronic kidney disease mesenchymal
stem/stromal cells [448]. The SARS-CoV E protein ion channel induces membrane per-
meabilization that decreases ∆Ψm in mitochondrial inner membranes [315,371]. Loss of
membrane potential not only reduces ATP production due to impaired OXPHOS, but can
induce the production of even more ROS due to accumulation of reducing equivalents
from lower ETC activities that result in the creation of reductive stress that continues
generate additional ROS to perpetuate the RIRR positive feedback loop [322,394,449,450].
The generation of excess ROS during SARS-CoV-2 infection [296] can initiate powerful lipid
peroxidation cascades that damage lipid composition of the cristae, resulting in loss of ATP
synthase function.

5.3.2. Melatonin and Metabolites Preserve Cardiolipin Function in Cristae by Preventing
Lipid Peroxidation Cascades

The apex of deep IMM cristae invaginations provides the ideal location for hosting
dimerized ATP synthases of eukaryotic mitochondria [281,451]. Dimerized ATP synthases
are seven-fold more active than ATP monomers [452], and dimerization of ATP synthases is
a prerequisite for shaping the high curvature cristae structure [453,454]. The deep negative
membrane curvatures at the apexes of cristae are maintained by the unique cone-shaped
structure of cardiolipin (CL) that not only increases bending elasticity of the IMM but
also the regulation of formation and stability of respiratory chain complexes [455–458].
Accordingly, mitochondrial membranes can comprise up to 25% CL [459,460]. CL is a nega-
tively charged, dianonic lipid that can dramatically lower pH at membrane interfaces to
increase proton (H+) concentration (~700 to ~800) [461,462] to elevate ATP production [463].
The oxidation of just one fatty acid chain in CL can lead to vast conformational changes
in the entire molecule, resulting in reduced membrane thickness, and potential impair-
ment of proton and electron transport that are dependent on CL-mitochondrial protein
interactions [464,465]. Elevation of ROS as a result of depolarized mitochondrial mem-
branes during viral infection may increase peroxidation of cardiolipin. The destabilization
of mitochondrial supercomplexes as a result of CL peroxidation affects mitochondrial
bioenergetics, leading to impaired OXPHOS, reduced ATP production, and other mito-
chondrial dysfunctions in different tissues manifested in a range of pathophysiological
conditions including heart ischemia/reperfusion, heart failure, diabetes, and Barth syn-
drome [466–472]. In Saccharomyces cerevisiae, disruption of the CRD1 gene responsible
for encoding CL synthase resulting in the absence of CL in mitochondria membranes led
to a loss of mitochondrial ∆Ψm and mitochondrial genome when cultured at prolonged
elevated temperature of 37 ◦C [473]. Interestingly, circulating anticardiolipin antibodies
(aCL), which may cause endothelial dysfunction and elevated IgA-aCL, is often associated
with increased ischemic burden in patients with coronary artery disease (CAD) [474].

Critically ill COVID-19 patients with coagulopathy and thrombocytopenia often man-
ifest the presence of anticardiolipin antibodies in serum [475]. A meta-analysis and sys-
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tematic review of 21 studies with 1159 hospitalized COVID-19 patients discovered the
presence of antiphospholipid antibodies in ~50% of the patients. Severe disease was cor-
related with a higher prevalence of aCL (IgM or IgG) compared to noncritical disease
(28.8% vs. 7.10%, p < 0.0001) [476]. Oxidized LDL bound by anti-lipoprotein antibodies are
correlated with IgG-aCL and IgM-aCL [477]; thus, the presence of elevated aCL and other
antiphospholipid antibodies is indicative of systemic lipid peroxidation, which may then
explain the development of thromboses in the absence of correlated D dimer levels in about
one-third of severely ill COVID-19 patients [474,478]. In fact, elevated lipid peroxidation
is the only oxidative stress biomarker that is significantly different between intubated
COVID-19 patients and/or those who died compared to patients with mild disease. In
addition, patients whose lipid peroxidation rose above 1948.17 µM were either intubated or
died 8.4 days earlier on average (mean survival time 15.4 vs. 23.8 days) [479]. Melatonin is
a potent antioxidant that can protect mitochondrial function by neutralizing ROS to inhibit
CL peroxidation [480]. The addition of 10 µM melatonin to rat heart mitochondria almost
entirely prevented membrane depolarization induced by Ca2+/tert-Butylhydroperoxide (t-
BuOOH), a peroxidation promoting peroxide, in addition to reversing cytochrome c release,
and mitochondrial matrix swelling [400]. The reason why melatonin is uniquely suited to
prevent lipid peroxidation cascades is in large part due to its preferential localization at
hydrophilic/hydrophobic membrane interfaces.

Melatonin is uncharged in the entire pH range [481]. Even though melatonin is non-
polar, it can form strong H-bonds with hydrophilic lipid headgroups at hydrophilic/
hydrophobic membrane interfaces [482]. Thus, melatonin becomes an efficient scav-
enger of both aqueous and lipophilic free radicals as a result of the presence of both
hydrophilic and lipophilic moieties in the melatonin molecule [483]. As such, melatonin
and its metabolites easily neutralize both the hydroxyl radical (•OH) and the hydroper-
oxyl radical (•OOH) [484,485]—two dominant ROS molecules that can initiate and sustain
chain oxidation reactions of unsaturated phospholipids including CL in plasma mem-
branes [486,487] and mitochondria [488,489]. During viral infections, ionic imbalances
from viroporin ion channel activities activate the pro-inflammatory NLRP3 inflammasome
which mediates the production of cytokines that can contribute to severe pathophysiology
and disease [305,490]. Heightened expression of the NLRP3 inflammasome was detected in
leukocytes in the lungs of all patients who did not survive COVID-19 [491]. Melatonin tar-
gets NLRP3 inflammasome-mediated cytokine release employing antioxidant-dependent
and -independent mechanisms [492].

5.4. Melatonin Targets NLRP3 Inflammasomes via Cardiolipin and DDX3X

Cellular stress and dysfunction triggers prionoid-like phase transition of the NLR
pyrin domain containing 3 (NLRP3) inflammasome to assemble supramolecular com-
plexes responsible for mediating immune responses, including the release of inflammatory
cytokines—IL-1β and IL-18 [493–497]. The NLRP3 inflammasome is a multiprotein com-
plex comprising the NLRP3 sensor, the apoptosis-associated speck-like protein containing
a C-terminal caspase recruitment domain (ASC) adaptor, and the caspase-1 (CASP1) pro-
tease [498,499]. The activation of NLRP3 inflammasomes is inextricably linked to various
types of cell death, including pyroptosis, apoptosis, necroptosis, and ferroptosis [498].
Elevated ROS and mitochondrial distress translocate CL from the inner mitochondrial
membrane (IMM) to the outer mitochondrial membrane (OMM) [500], and NLRP3 must be
primed and directly bound by externalized CL before it can be activated [501]. As discussed
in Section 5.1, viroporin ion channel activities activate NLRP3 inflammasome, and COVID-
19 severe pathology resulting from an overactive immune-inflammatory response can be
exacerbated by the activation of NLRP3 in infected macrophages in humanized mouse
model of COVID-19 [502]. The SARS-CoV-2 E protein viroporin increases NLRP3 inflam-
masome activation in both murine and human macrophages in a biphasic manner [503]
by first suppressing NLRP3 inflammasome activation to aid viral replication leading to
advanced disease states that promote the activation of NLRP3 inflammasomes [503]. The
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activation of NLRP3 inflammasome is often associated with the development of severe
COVID-19 [504–506] and increased oxidative stress [507], while the production of inflam-
matory cytokines, including IL-β, may fuel the development of cytokine storms and excess
oxidative stress to complete a positive feedback cycle [508–512] that enhances N protein
LLPS [513]. This unique biphasic effect may be a reflection of how the SARS-CoV-2 virus
interacts with DDX3X and SGs during viral replication (Figure 1).

The regulation of the prionoid transition of NLRP3 inflammasome into supramolecular
complexes is mediated by DEAD-box helicase 3 (DDX3X or DDX3)—a host X-chromosome
encoded DEAD-box RNA helicase that is often hijacked by SARS-CoV-2 and other
viruses [514,515]. In total, 18 species of virus from 12 genera—including the dengue
virus [516], HIV-1 virus [517,518], hepatitis C virus [519], Japanese Encephalitis virus,
and the Zika virus [520]—have been determined to be dependent upon DDX3X for viru-
lence [521]. The ATP-bound form of DDX3X is necessary for the scaffolding of the ASC
domain to transition into irreversible, stable, and insoluble supramolecular prionoid-like
assemblies [494]. DDX3X is also a critical regulator of SGs requisite for proper SG matura-
tion [522]. Therefore, the formation of SGs and the assembly of NLRP3 inflammasomes
become mutually exclusive, since both SGs and NLRP3 inflammasomes compete for the
same DDX3X. Consequently, loss of DDX3X will inhibit both SGs maturation and the
scaffolding of ASCs to disrupt NLRP3 inflammasome supramolecular assembly [523,524],
while the disassembly of SGs may encourage the aggregation of NLRP3 inflammasomes.
Lipid peroxidation that can translocate CL from the IMM to OMM is regarded as a hallmark
of severe COVID-19 [479]. Monocytes from severe COVID-19 patients exhibit elevated,
persistent presence of ROS and lipid peroxidation compared to mild disease and health
controls. The level of lipid peroxidation is strongly correlated with CASP1 activity and ASC
aggregate formation, responsible for the NLRP3 inflammasome-dependent IL-β secretion
by monocytes [525].

Melatonin targets DDX3X to regulate and enhance innate antiviral responses that
suppress viral replication. Viral infection induces cellular stress and mitochondrial distress
that activates the host ISR resulting in the formation of SGs. The timely, adequate presence
of melatonin can reduce ROS and lipid peroxidation to prevent the translocation of CL to
OMM, thus inhibiting the activation of NLRP3 and its prionoid phase transition to form
inflammasome supramolecular complexes [492,526–529]. This effectively allows DDX3X to
accelerate the formation and maturation of SGs that can enhance antiviral innate immune
signaling [78] and also inhibit viral protein accumulation and replication [66,79]. As such,
viruses including SARS-CoV-2 have evolved sophisticated mechanisms to hijack DDX3X
by disrupting SG formation. The SARS-CoV-2 N protein not only phase separates to
form “viral factory” condensates [176] that protect the viral genomic RNA by packing
them into distinct RNP complexes [132,178], but also acts as the central hub for DDX3X
interactions [530]. In Vero E6 cells infected by SARS-CoV-2, mass spectrometry analysis
revealed DDX3X localizes with viral RNA foci in cytoplasm, and enhances viral infection
via interactions with N protein [531]. The fact that the immunopurified complexes were
harvested 24 h post-infection may also imply that the N protein has already undergone
phase separation to form viable “viral factories” that can interact with DDX3X, facilitating
immune evasion and suppression.

5.5. DDX3X Is a “Double-Edged Sword” That Mediates Host Antiviral Immunity and
Viral Replication

DDX3X is not only an essential mediator of host innate immunity, but also acts as
host factors that assist viral replication [532,533]. Therefore, DDX3X is often targeted
and hijacked by viruses during infection to evade immune response and promote repli-
cation [521,534,535]. SARS-CoV-2 N protein sequesters and potentially binds to DDX3X
in order to inhibit host antiviral pathways [530]. The induction of first line IFN immune
defense requires the synergistic activation of the type I IFN-β promoter by DDX3X, and
TANK-binding kinase 1 (TBK1) and its interaction partner, DDX3X [281,536]. This synergis-
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tic effect on IFN induction is mediated by the recruitment of DDX3X into mitochondrial
antiviral-signaling protein (MAVS, IPS-1) to promote the scaffolding and aggregation of
MAVS into prion-like complexes that can then activate TBK1 and interferon regulatory
factor 3 (IRF3) for type I IFN responses [537,538]. LLPS of N protein inhibits both the polyu-
biquitination and formation of prion-like aggregates in MAVS, effectively suppressing the
host innate antiviral response [539]. The prion-like conformational switch of MAVS on
the mitochondrial membrane is the lynchpin that propagates antiviral signaling cascades
that can inhibit viral infections [540] and is mediated by DDX3X. Nevertheless, in order to
hijack DDX3X, viruses including SARS-CoV-2 must first dismantle the assembly of host
SGs that are associated with DDX3X.

5.6. N Protein Must Phase Separation to Target G3BP1 and Disassemble Stress Granules

Stress granules (SGs) are membraneless organelles assembled as a result of LLPS
activated by cellular stress, including viral infections [100,541]. Ras-GTPase-activating
protein SH3 domain-binding protein 1 (G3BP1) [542] is the molecular switch that regulates
RNA-dependent LLPS of SGs, and its effects on SG LLPS can be tuned by phosphorylation
of IDRs in G3BP1 as well as extrinsic binding factors that can strengthen or weaken the SG
assembly [543]. G3BP1 promotes SG IFN signaling, enhancing innate antiviral response
via positive regulation of RIG-1—an upstream target of MAVS [231,544,545]. Recent bio-
chemical and structural analyses of the interactions between SARS-CoV-2 N protein and
G3BP1 revealed that N protein residues 1–25 (N1–25) occupies a conserved surface groove
of the NTF2-like domain of G3BP1 (G3BP1NTF2). The interactions between the N1–25 and
G3BP1NTF2 are enhanced by strong surface complementarity and hydrophobic groove-
insertion mechanisms, resulting in the inhibition of SG assembly. However, the underlying
mechanism for SG disassembly by SARS-CoV-2 N protein could not be determined [546].
N protein binding to G3BP1 also rewires the G3BP1 mRNA binding profile to suppress
host cell stress response [230]. In order to target G3BP1, the SARS-CoV-2 N protein must
first undergo LLPS, partitioning into SGs before it can bind and interact with G3BP1 to
dismantle assembly of SGs [547].

5.7. The Formation of “Viral Factories” by N Protein LLPS Is Tuned by Phosphorylation

Oxidative stress induces the formation of SGs [87], and N protein LLPS induced by
oxidative stress in vitro facilitates its partitioning into SGs to sequester G3BP1 [228,513].
Similar to other condensates formed via LLPS, N protein condensates can be tuned by the
concentration of RNA where increasing RNA gradient with a fixed protein concentration at
10 µM caused N protein to increase viscosity from droplets to gel-like, and, eventually, solid
assemblies [270,547], whereas phosphorylation of the serine/arginine (S/R)-rich region in
the central IDR of the N protein can tune the viscosity and modulate N protein condensate
assembly [278]. Phosphorylation is an ATP-dependent, post-translational modification that
can fine-tune molecular interactions of condensate components by inducing nonequilib-
rium thermodynamic chemical reactions to control the size and number of condensates,
acting somewhat like a rheostat that can adjust the dynamics of LLPS during condensate
formation [548].

Unphosphorylated N protein facilitates tight association with host mRNAs, and
thus, increases the propensity to form gel-like condensates; conversely, phosphoryla-
tion of N protein results in the formation of more dynamic, low-viscosity, liquid-like
droplets [549]. The EBOV N protein-induced dynamic phosphorylation and dephosphory-
lation of VP30—the fourth N protein essential for viral transcription—take place in viral
inclusion bodies [550,551]. Molecular dynamics simulations revealed that phosphorylation
of the phosphate groups at different serine residues in the serine-arginine (SR)-rich domain
in SARS-CoV-2 N protein induced the formation of dense salt bridge networks, increasing
intra- and intermolecular contacts that impaired contact with RNA derived from SARS-
CoV-2 genome, effectively preventing association with nonspecific RNA [132,552]. Thus,
the tuning of the physical properties of N protein condensates via phosphorylation can
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determine whether viral transcription or packaging is favored via hyperphosphorylation
(low-viscosity) or hypophosphorylation (high-viscosity), respectively [278,552]. Conse-
quently, high-viscosity, unphosphorylated condensates are more effective at promoting
viral packaging—the cytoplasmic compartmentalization of the viral genome—whereas
low-viscosity, phosphorylated condensates operate as dynamic “viral factories” to promote
viral transcription/replication and host immune evasion [278,549].

6. Melatonin Disrupts Formation of “Viral Factories” by Regulating GSK-3
Phosphorylation of N Protein Condensates

N proteins in coronaviruses are important for viral replication because they facili-
tate template switching that is essential for viral transcription [553] supported by low-
viscosity, phosphorylated condensates. The N protein harbors a Gly-rich linker for en-
hanced phosphorylation by host glycogen synthase kinase (GSK)-3 on the S/R-rich region
to facilitate template switching. GSK-3 is a highly conserved and ubiquitously expressed
serine/threonine protein kinase with two isoforms—GSK-3/alpha and GSK-3β—in mam-
mals [554]. Both isoforms of the kinase are activated by tyrosine phosphorylation (Tyr279,
Tyr216) [555,556], whereas serine phosphorylation at Ser21 and Ser9 can inactivate isoforms
GSK-3/alpha and GSK-3β, respectively [557,558]. The GSK-3 kinase is implicated in en-
hancing virus replication, assembly, and release [559–561]. As part of the innate antiviral
response, GSK-3 acts as a signaling molecule that may be involved in the sensing of nucleic
acids of RNA and DNA viruses. It is not only responsible for the rapid activation of type I
IFN signaling cascades [562], but also serves as the crux of multiple cell signaling pathways
during various stages of viral replication [563].

Coronaviruses can hijack host GSK-3 to phosphorylate their N proteins in order
to facilitate template switching that enables the smooth transition from discontinuous to
continuous transcription, which balances the synthesis of shorter sgmRNAs with full-length
gRNAs [167]. Mutations in the Delta and Omicron variants may have allowed increased
abundance and hyperphosphorylation of the N protein [564]. Infection by the Delta variant
may result in increased viral loads, severity, hospitalization, and ICU admission [565–567].
SARS-CoV-2 N protein phosphorylation by GSK-3 at two conserved consensus sites is
deemed essential for viral infection and replication; thus, the inhibition of GSK-3 by small
molecules is regarded as a viable therapeutic option to reduce infection and potentiate
host immune responses [568]. A meta-analysis of clinical data from more than 300,000
COVID-19 patients in three major health systems using a random-effects model revealed a
50% reduction in risks in patients who take lithium which is a direct inhibitor of GSK-3,
while in vitro results showed that GSK-3 inhibition effectively impaired viral replication
and blocked infection in human lung epithelial cells [569]. Selective screening of a library
of GSK-3β inhibitors found a high proportion of compounds that inhibited GSK-3β were
also effective in reducing SARS-CoV-2 infection [570].

The activation of GSK-3 in infected cells may be responsible for increased replication
and pathophysiology by promoting systemic inflammation, renal dysfunction, and hepato-
toxicity via the regulation of cytokine production and cell migration [571,572], as well as
the transcriptional regulation of nuclear factor kappa B (NF-κB) [573]. GSK-3 also elevates
oxidative stress in infected cells by downregulating the Nrf2 and the Nrf2/antioxidant
response element (ARE) pathway [574,575]. GSK-3 directly inhibits nuclear factor erythroid
2-related factor (Nrf2) activation and indirectly inhibits Nrf2 post-induction [576]. The
increased oxidative stress from GSK-3 activities may induce the assembly of SGs, but more
importantly, the activation of GSK-3 may actually be the elusive, underlying mechanism
that is responsible for the disassembly of SGs by SARS-CoV-2 N proteins [546]. While
the timely treatment with adequate melatonin essential for attenuating viral infection,
replication, and mortality may be dependent upon multipronged strategies employed by
melatonin, the inhibition of GSK-3 that can both tune N protein condensate dynamics and
rescue stress granule from disassembly by N protein may be one of the most effective tools
responsible for the dismantling of the viral replicative machinery.
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6.1. GSK-3 Phosphorylation of Gle1A Mediates Stress Granule Disassembly via Inhibition
of DDX3X

The SARS-CoV-2 virus facilitates replication by rewiring cellular metabolism away
from OXPHOS within mitochondria in favor of aerobic glycolysis that takes place in the
cytoplasm [300,336–338,577] to potentially result in a more than a 16-fold reduction in
ATP production by OXPHOS [443]. This dramatic shift of ATP production location may
serve multiple functions, including the regulation of cytoplasmic N protein condensate
dynamics via phosphorylation and the modulation of cytoplasmic SG dynamics. The
assembly of SGs and the modulation of their dynamics are regulated by ATP-dependent
DEAD-box RNA helicases that reside within the cores of SGs [272]. These RNA helicases
function as ATPases to release ATP via hydrolysis in order to maintain the dynamic
behavior of liquid-like SG assemblies [541,578]. Many viruses target DDX3X to evade
host immune response and facilitate replication [533]. SARS-CoV-2 N protein sequesters
DDX3X to promote viral replication [530] by first partitioning into SGs via LLPS, and then
disassembling the SGs [513,546] possibly by suppressing interactions between G3BP1 and
other SG-related proteins [228]. However, a more direct mechanism may explain how the
N protein disassembles SGs and why the timely treatment with melatonin inhibits viral
replication and disease progression. The phosphorylation of N protein by GSK-3 not only
determines the viscosity and function of condensates formed by N protein LLPS, but GSK-3
can also regulate DDX3X functions to control stress granule assembly and disassembly
(Figure 2).

Gene expression pathways respond to stress by exporting critical mRNAs for transla-
tion while assembling repressed mRNA into cytoplasmic SGs, the latter being a reversible
process [67,579–581]. Gle1 is a nucleoporin that regulates mRNA export by activating
DEAD-box ATPases [582–584] and also modulates translation initiation and termination by
tuning DDX3X RNA binding [585]. The human Gle1 gene encodes two distinct isoforms—
Gle1A and Gle1B—that modulate SG formation and mRNA export at the nuclear pore
complex, respectively [586,587]. When Gle1A is recruited to SGs in the cytoplasm during
stress, it becomes a critical modulator of translation that can ultimately affect SG dynamics,
assembly, and disassembly by controlling how DDX3X binds to RNA [585,588]. In SGs,
DDX3X is the gate-keeper that can either promote translation via RNA binding or suppress
translation as a result of excess RNA binding. Gle1A can reduce excess RNA binding by
DDX3X (~3-fold reduction), thereby becoming an effective regulator of DDX3X-mediated
translation initiation [585]. Upon activation by stress, cytoplasmic Gle1A that is unphospho-
rylated or minimally phosphorylated at periodically repeating serine/threonine residues in
its N terminal IDR, stimulates DDX3X activities to promote SG assembly. However, upon
recovery from stress and/or increasing hyperphosphorylation, Gle1A will inhibit DDX3X
ATPase activity to promote SG disassembly. GSK-3 is responsible for the phosphorylation of
the Ser88–Thr102 region in Gle1A, altering Gle1A biochemical properties and electrophoretic
mobility that facilitate the binding and inhibition of DDX3X ATPase activities to modulate
RNA binding. Upon stress, the induction of mitogen-activated protein kinases (MAPKs),
including extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK),
are required to first prime Gle1A before it can be phosphorylated by GSK-3 [589].

The MAPK family of kinases—ERKs, JNKs, and p38s—control important physiolog-
ical processes including cell division, transcription, and inflammation, respectively, by
phosphorylating and activating each other [590,591]. Melatonin may prevent the disassem-
bly of SGs by Gle1A hyperphosphorylation via the regulation of MAPK kinases. Human
osteosarcoma (MG-63) cells treated with 4 mM melatonin for 24 h exhibited significant
inhibition of ERK phosphorylation that suppressed signaling and resulted in a marked
reduction in cell proliferation [592]. Both in vitro and in vivo work on inflammatory mucin
production found melatonin treatment to inhibit phosphorylation of MAPKs including JNK,
ERK, and p38. Human epithelial (NCI-H292) cells stimulated with epidermal growth factor
(EGF) upregulated expression of mucin mRNA (MUC5AC), production of proinflammatory
cytokines, and infiltration of inflammatory cells as a result of enhanced MAPK signaling.
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Treatment with 400 µM melatonin for 24 h significantly reduced phosphorylation of all
MAPKs to reverse all conditions induced by EGF stimulation [593]. Similarly, lung tissues
obtained from ovalbumin (OVA)-induced asthma model BALB/c mice supplemented with
15 mg/kg body weight (intraperitoneal injection) prior to OVA challenge all showed re-
duced phosphorylation of ERK, JNK, and p38, and reduced MUC5AC mRNA expression
compared to controls [593]. Spinal cord injury (SCI) model mice displayed edema and
loss of myelin in lateral and dorsal funiculi 24 h post-trauma. The loss of motor function
characterized by an inflammatory response is mediated by phosphorylation of ERK, JNK,
and p38 MAPKs in the spinal cord tissues. Mice treated with melatonin at 50 mg/kg
three times within 12 h after laminectomy all showed impressive reduction of SCI-induced
functional deficits including improved limb motor functions and effective inhibition of
phosphorylation of the ERK, JNK, and p38 MAPKs [594]. To protect SGs from disassembly
by Gle1A, melatonin not only inhibits phosphorylation of MAPKs to prevent the priming
of GSK-3, but also regulates GSK-3 gene expression and its inactivation.
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Figure 2. Overview of antioxidant-dependent and -independent mechanisms used by melatonin to
regulate m6A modifications during SARS-CoV-2 infection and PASC. Melatonin increases the m6A
“reader” YTHDF2, allowing the proper nucleation of stress granules by G3BP1 to promote antiviral
immune response. Melatonin inhibits GSK-3 gene expression and phosphorylation to suppress
Gle1A hyperphosphorylation that allows DEAD-box RNA helicase DDX3X to interact with ALKBH5
and stress granules to enhance immune response that reduces viral transcription and replication.
The suppression of GSK-3 increases the m6A demethylase FTO that “erases” modifications by m6A
methyltransferase METTL3, decreasing m6A levels to suppress viral replication (see Abbreviations
for additional acronyms).

6.2. Melatonin Inhibits GSK-3 Gene Expression and Promotes Phosphorylation to
Deactivate GSK-3

Neuro2A cells subjected to okadaic acid (OA) treatment to induce phosphorylation
of tau by GSK-3β exhibited elevated ROS and cytotoxicity, resulting in the loss of cell
viability of up to 60%. Incubation with 200 µM melatonin for 24 h completely reversed
tau-induced cytotoxicity, while at 100 µM concentration, melatonin completely restored
cell viability. The addition of only 10 µM melatonin increased the expression of Nrf2 and
reduced almost 50% of ROS induced in tau-exposed Neuro2A cells. More importantly,
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the upregulation of GSK-3β via Tyr216 phosphorylation by OA was reversed by the treat-
ment of melatonin. Melatonin effectively reduced the total mRNA expression level of
GSK-3β without affecting the phosphorylation of Ser9 which can inactivate the kinase [595].
Additionally, in human mesenchymal stem cells, melatonin attenuated adipogenic differ-
entiation by suppressing GSK-3β activities [596], while in mouse osteoblastic MC3T3-E1
cells, melatonin enhanced osteoblastic differentiation and mineralization by inhibiting
the phosphorylation of GSK-3β, reversing its negative regulation of the canonical Wnt/β-
catenin signaling transduction pathway via phosphorylation and proteasomal degradation
of β-catenin [597,598]. Melatonin can reduce ROS and oxidative stress by inhibiting GSK-3
to attenuate the downregulation of the Nrf2 and reactivating the Nrf2/antioxidant response
element (ARE) pathway [574,575]. In human epithelial alveolar cells, lipopolysaccharide
(LPS)-induced epithelial-mesenchymal transition (EMT) was attenuated by treatment with
melatonin in a dose- and time-dependent manner. Treatment with 800 µM melatonin
upregulated the phosphorylation of GSK-3β at Ser9 to increase the expression of Nrf2 and
downstream antioxidant proteins, dramatically reducing malondialdehyde (MDA) levels
while increasing antioxidant enzymes [599].

Male Wistar rats subjected to bilateral renal ischemia to induce ischemia/reperfusion
(I/R) injury showed increased lipid peroxidation and elevated lactate dehydrogenase
(LDH) in plasma compared to controls. Treatment with melatonin (10 mg/kg, i.p.) 30 min
before renal clamping markedly reduced lipid peroxidation and LDH levels in plasma,
while the phosphorylation of GSK-3β was significantly enhanced via the restoration of
AKT phosphorylation in the melatonin-treated group [600]. GSK-3β is a downstream
substrate of protein kinase B (AKT), a serine/serine/threonine kinase that phosphorylates
GSK-3β under hypoxic stress [601,602]. I/R-induced downregulation of AKT phospho-
rylation was attenuated by melatonin treatment to enhance inactivation of GSK-3β [600].
Unexpectedly, melatonin was found to modulate the PI3K/AKT pathway, suppressing
AKT phosphorylation to activate GSK-3β in SK-MEL-1 and MEL-HO melanoma cells.
Compared to respective untreated controls, the addition of 1 mM melatonin dramatically
decreased phosphorylation of GSK-3β at 48 h and 72 h, but reduced cell proliferation to
∼50% at 72 h [603]. This seemingly controversial, contradictory behavior may be readily
explained by the fact that melatonin is a “smart”, pleiotropic molecule that selects the most
appropriate strategy to protect the host organism [604–607]. The assembly of SGs is one of
the major mechanisms used by cancer cells to adapt and survive under inhospitable, toxic
microenvironments [608,609], as well as developing resistance to anticancer therapies [610].
Melatonin is known for its anticancer features, acting as a “broad-based metabolic buffer”
to tune the cancer microenvironment [415]. Consequently, the inhibition of AKT to activate
GSK-3β in melanoma cells may result in the phosphorylation of Gle1A, which subsequently
disassembled SGs, explaining the potential mechanism for the reduction of cell viability to
~50% observed at 72 h [603].

Among the seemingly inexhaustible array of sophisticated tactics employed by mela-
tonin to target viral infections, perhaps the ability of melatonin to regulate epitranscriptomic
and epigenetic modifications mediated by viruses, including SARS-CoV-2, is the most influ-
ential, with the broadest, most profound implications for PASC development post-infection.

7. Melatonin Regulates SARS-CoV-2-Mediated Crosstalk between the
Epitranscriptome and Transcriptome via m6A Modifications and LINE1 Suppression

The reversible chemical modification of mRNA is a potent modulator of transcription
and translation in the epigenetic regulation of genomic DNA [611,612]. The important
crosstalk between epitranscriptomic and transcriptomic modifications underlies the success
of post-transcriptional regulation of gene expression during growth and development, as
well as response to exogenous and endogenous stress [244,613,614]. The SARS-CoV-2 virus
can remodel one-third of the RNA-bound proteome (RBPome), upregulating and downreg-
ulating more than 300 RNA-binding proteins (RBPs) [158] to exert profound influences on
the host and viral epitranscriptome [615] that not only affect disease progression, but also
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post-infection development of PASC. To evade host immune detection, the SARS-CoV-2
virus can methylate the 5′-end of virally encoded mRNAs to mimic cellular mRNAs [616].
Furthermore, COVID-19 patients exhibited marked alteration in circulating platelet gene-
expression profile and distinct changes in gene expression in pathways involving protein
ubiquitination, antigen presentation, and mitochondrial dysfunction [617]. Olfactory biop-
sies from hyposmic PASC patients with persistent loss of smell from olfactory dysfunction
at least 4 months post-infection revealed changes in sententacular cell and olfactory sen-
sory neuron phenotypes, including a reduction in relative cell number and expression of
signaling intermediates [618].

Longitudinal multi-omics analyses in peripheral blood samples from hospitalized
COVID-19 patients discovered dynamic changes in circulating blood cells, where fatal
outcomes were associated with specific cell-type expression signatures, in addition to
epigenetic changes in gene expression involving genome-wide hypomethylation when
compared to healthy controls [619]. An analysis of peripheral blood samples from young
adult COVID-19 patients (average age 35.7 years), via RNA and whole–genome bisulfite
sequencing three months after recovery, found dramatic alterations in both the expression
and DNA methylation of genes and transposable elements (TEs), with a total of 639 mis-
regulated genes and 18,516 differentially methylated regions (DMRs). More importantly,
13,233 DMRs were identified within the TE loci, with 36.48% allocated to LINE, while
the significant level of aberrant activation of TEs corresponded with disease severity, as
TEs with altered DNA methylation may regulate adjacent gene expression [620]. Osteo-
porosis is often associated with alterations in DNA methylation profiles in cancellous
bones [621]. Disturbances in bone metabolism in recovered COVID-19 patients are associ-
ated with dysregulation in osteoclastic activities with increased bone resorption mediated
by an imbalance in the RANKL/RANK/OPG axis [622,623]. Syrian hamsters infected
by SARS-CoV-2 all exhibited significant multifocal loss of cancellous bones as a result of
elevated osteoclastogenesis. Compared to mock controls, infected hamsters exhibited a
dramatic three-fold increase in the expression of the pro-osteoclastic receptor activator of
nuclear factor-kappa B ligand (RANKL), while the expression of osteoprotegerin (OPG),
which inhibits osteoclastogenesis and bone resorption, was correspondingly downregu-
lated [624]. Thus, the transcriptomic and epigenomic changes from SARS-CoV-2 infections
may critically define and drive the development of PASC during post-infection recovery.

7.1. SARS-CoV-2 Derepression of LINE1 May Induce Genomic Instability That Exacerbates
Disease Severity and Prolongs Recovery

The successful strategies employed by viruses for infection and replication depend
upon the effective control and utilization of host cellular metabolism and transcriptional
processes that often result in transcriptional changes for both host and virus. The SARS-CoV
and SARS-CoV-2 viruses facilitate infection and replication, inhibiting immune responses
by targeting the host transcriptome, suppressing host gene expression by degrading host
mRNA, preventing IFN-β mRNA accumulation [56], and disrupting host mRNA splicing
and protein translation to suppress IFN signaling pathways [55]. A multicenter observa-
tional study of 234 COVID-19 patients with acute respiratory illnesses (ARIs) comparing
transcriptional signatures between SARS-CoV-2 and other respiratory viruses found atten-
uated activation of innate immune responses including toll-like receptor, interleukin, and
chemokine signaling [625]. An analysis of transcriptional profiles of bronchoalveolar lavage
fluid (BALF) from severe COVID-19 patients exhibiting pneumonia revealed profound
changes in mRNA levels of encoding proteins that regulate coagulation, fibrinolysis, and
inflammation, where a reduction of 22-fold and 33-fold in transcripts encoding thrombo-
modulin and endothelial protein C receptor (EPCR), respectively, compared to controls,
were detected [626]. The dysregulation of repetitive elements, including LINE1, can easily
alter gene expression and cause changes in the cellular transcriptome due to proximity
of location. The FANTOM4 projected reported that between 6 to 30% of cap-selected
mouse and human RNA transcripts are initiated within repetitive elements [627]. Human
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LINE1 antisense promoter driven transcripts are transcribed in a variety of cell types,
comprising ~4% of all human genes [628]. The activation of LINE1 (L1) and L1 antisense
promoter (ASP) that drive mRNA production and L1-gene chimeric RNA production,
respectively, are associated with a wide range of pathologies, including cancer and genetic
diseases [629–634].

The insertion of DNA sequences by TEs accounts for ~45% of the human genome.
DNA transposons are no longer active, while RNA transposons (retrotransposons, retro-
transposable elements, RTEs) have remained active in the genomes of all eukaryotes and
many prokaryotes over the past 80 million years, reversibly altering the expression of
other genes and serving as a rich source of genetic diversity [632,635,636]. Due to the high
mobility of TEs, they were known as “jumping genes” after their discovery by Barbara
McClintoch in 1948 [637,638]. Representing 17% of the human genome, long interspersed
nuclear element 1 (LINE1, L1) retrotransposons are a large family of autonomous mobile,
repeated deoxyribonucleic acid (DNA) elements capable of generating genomic instability
and DNA damage [639–642] that often result in diseases such as cancer [643]. Even though
the mobility of L1 is highly repressed in most somatic cells, it can escape repression and is
actively transcribed in many somatic cells [644], including quiescent, nondividing, differen-
tiated primary somatic cells [645]. The derepression and associated hypomethylation in
cancer cells are regarded as effective biomarkers of neoplasia [646]. Derepressed L1 trans-
position is consistently correlated with p53 mutation and replication stress that induces
copy number alterations [629].

The full-length LINE1 comprises a 5′- and a 3′-untranslatable region (5′, 3’-UTR) [647],
and two open reading frames—ORF1 and ORF2—that encode RNA binding protein ORF1p
and ORF2p, respectively. ORF1p is an RNA binding protein, while ORF2p has an en-
donuclease domain and a central reverse transcriptase (RT) domain that can polymerize
hundreds of nucleotides per template binding event [648,649]. In tumor cells, ORF2p
RT can sequester RNA for reverse transcription, forming RNA:DNA hybrid molecules
that can impact global cell transcription on the epigenetic level [650]. Furthermore, the
insertion of L1 sequences on transcripts can dramatically decrease RNA production of
endogenous genes, qualitatively and quantitatively, leading to dramatic alterations in the
transcriptome [651].

7.1.1. Can SARS-CoV-2 Be Reverse-Transcribed to Form Viral-Host Chimeric Transcripts?

Retroviruses replicate by integrating viral RNA by reverse transcription into the host
genome [652]. A nonretroviral RNA virus, the lymphocytic choriomeningitis virus (LMCV)
recombines with retrotransposons to invade the host genome [653]. Even though coron-
avirus RNAs are not supposed to reverse transcribe and integrate into host DNA, recent
works by Yin et al. found infection by SARS-CoV-2 and other human coronaviruses not
only upregulated the expression of RTEs in various cell types, but also led to the formation
of chimeric transcripts with LINE1 for potential insertion in to the host genome [654], while
Zhang et al. found evidence that a high percentage of all viral transcripts in certain patient
tissues were derived from viral-host integrated sequences expressed as chimeric transcripts.
Furthermore, Zhang and co-workers were able to detect and clone DNA copies of the N pro-
tein, implying that SARS-CoV-2 RNAs can be reverse-transcribed by LINE1 and integrated
into the host cell genomes [655]. The works on SARS-CoV-2 reverse transcription sparked a
flurry of animated debates in the scientific community, where various counter perspectives
were presented, including the possibility that human SARS-CoV-2 chimeric reads were
formed during RNA sequencing (RNA-seq) library construction [656], the lack of repro-
ducibility [657], and the hypothesis being questionable [658]. Even though a consensus
on this controversial topic may not be reached easily, there is ample evidence that show
SARS-CoV-2 infections can derepress and activate LINE1 to cause genomic instability and
host gene misregulation, potentially increasing disease severity and prolonging recovery.
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7.1.2. LINE1 Derepression and Global Hypomethylation May Be Associated with
SARS-CoV-2-Mediated Pathologies

PASC patients in the absence of persistent infections often exhibit symptoms resem-
bling persistent viral infections with aberrant activation of innate immune signaling path-
ways resulting in a multitude of pathologies associated with chronic inflammation [659].
An integrated analysis of blood samples from convalescent COVID-19 patients at 12, 16, and
24 weeks (±14 days) post-infection (pi), examining immune responses at a transcriptional
level found persistent alterations in immune cell populations up to 24 weeks pi, while
severe disturbances in gene expression were identified in whole blood RNA sequencing
analyses at up to 6 months pi [660]. LINE1 modulates the immune microenvironment
during derepression where activated L1 retrotransposons can elicit strong innate immune
responses, and induce autoimmunity and inflammation [661]. Differential gene expression
analysis identified an upregulation and downregulation of 738 and 230 genes, respectively,
in COVID-19 convalescent patients at 12 weeks pi compared to healthy controls. The
innate immune system pathway was substantially enriched among the genes that were
upregulated [660]. An analysis of DNA methylation of blood samples collected from
413 COVID-19 patients and 232 healthy subjects revealed that accelerated epigenetic aging
is associated with the development of not only severe COVID-19, but also may contribute
to the development of PASC [662].

A massive retrospective cohort study that examined data from the Veterans Health
Administration involving over 2.7 million veterans found a higher risk of incident diabetes
in male veterans with positive SARS-CoV-2 test results than those with negative results;
moreover, hospitalized male subjects were associated with higher risk of diabetes at 120
days and at the end of follow-up [663]. A global registry for patients with COVID-19-
associated diabetes was established in 2020 to facilitate the study of new-onset diabetes in
COVID-19 patients [664]. Furthermore, individuals infected by SARS-CoV-2 under the age
of 18 had increased risk for new-onset diabetes >30 days after infection than those without
COVID-19 [665]. Currently, there is a lack of understanding on the precise mechanism that
triggers new-onset diabetes in PASC [666]. It is perhaps not a coincidence that lower LINE1
methylation is correlated with a greater risk for metabolic syndrome and related pheno-
types [667], and can be used as a biomarker for weight loss and total antioxidant capacity in
obese subjects [668]. Analysis of data collected from a prospective cohort intervention study
and a control group revealed reduced LINE1 methylation levels were directly associated
with carbohydrate metabolism disorders, worsening of metabolic status, and risk of devel-
oping metabolic disorders including type 2 diabetes. More importantly, the association of
these higher risk factors with lower LINE1 methylation were independent of other classic
risk factors, including gender, physical activity, body mass index (BMI), and especially
age [669]. The demethylation of RTEs is often associated with the aging process [670].

During aging, epigenetic changes that affect genome stability and regulation are
often characterized by the establishment of genome-wide global hypomethylation and
promoter-specific hypermethylation [671,672]. The loss of genome-wide methylation, or the
establishment of global hypomethylation, is an epigenetic event often associated not only
with aging, but also many types of cancers [673] and a growing list of other pathologies.
RTE hypomelation is associated with transcriptional derepression of LINE1 [674]. During
replicative senescence, L1 is derepressed and becomes active in somatic retrotransposition
to negatively impact longevity [675,676]. Consequently, LINE1 derepression in senescent
cells is regarded as a hallmark of aging as a result of heightened elevation of interferon
and sterile inflammation from L1 activation [677]. Due to the large presence of TEs in
the genome, the methylation status LINE1 is, therefore, widely used as a surrogate in the
research of various diseases to accurately identify DNA methylation status often referred
to as “global” methylation [678–683].

Results from RNA and whole-genome bisulfite sequencing of blood samples from
recovered COVID-19 patients (average age 35.7 years) revealed a total of 13,233 DMRs
within the TE loci, where LINE DMRs comprised 38.23% of the total DMRS [620] and lon-
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gitudinal multi-omics analyses in peripheral blood samples from hospitalized COVID-19
patients showed genome-wide hypomethylation when compared to healthy controls [619].
The global hypomethylation of LINE1 may be responsible for the development of various
PASC pathophysiological where major manifestations in addition to immunoregulatory
dysfunction [684] include cardiovascular autonomic dysfunction [350,354] and neurological
dysfunction [685]. A prospective, observational evaluation of PASC patients at a mean of
5.8 ± 3.5 months after symptom onset, employing head-up tilt table (HUTT) testing to de-
termine orthostatic intolerance, discovered orthostatic intolerance suggestive of autonomic
dysfunction in nearly all subjects who complained of reduced exertional tolerance, and
onset of palpitations and tachycardia with minimal activity level [350]. Furthermore, symp-
toms including fatigue, chest pain, dyspnea, and “brain fog”, in addition to cardiovascular
autonomic dysfunction, are common among PASC patients [354,686].

Myocardial injury is an important pathogenic feature of COVID-19, where cardiovascu-
lar histopathology findings are reported in up to 48% of patients; moreover, cardiovascular
magnetic resonance abnormalities are detected in 26% to 60% of recovered hospitalized
patients [687–690]. The frequent presence of elevated high-sensitive troponin I (hs-TnI)
in COVID-19 patients is significantly associated with higher rates of cardiac complica-
tions [691]. Even though immune-mediated inflammation and hypercoagulability [692],
the dysregulation in the CD147-cyclophilin pathway [693], as well as other potential direct
and indirect mechanisms have been proposed [694], the exact causal mechanisms for my-
ocardial injury in COVID-19 still await further elucidation [695]. Whether the SARS-CoV-2
virus directly mediates cardiac injury also remains controversial. An examination of cardiac
tissues from 39 consecutive autopsy cases of COVID-19 subjects revealed the presence of
the virus in 61.5% (24/39) of cases, while viral load above 1000 copies per µg RNA was de-
tected in 41% (16/39) of subjects [696]. Conversely, although autopsy results of 40 patients
deceased with severe SARS-CoV-2 all exhibited evidence of both chronic and acute myocar-
dial damage, viral genome and spike protein were noticeably absent in the cardiomyocytes
of the only patient with myocarditis, while patients with known viral persistence in the
lungs and no signs of myocardial inflammation presented a negligible presence of viral
particles in their cardiomyocytes [697]. Interestingly, LINE1 hypomethylation is associated
with increased cardiovascular disease risk in different ethnicities [698,699], as well as in-
creased risk for myocardial infarction [700]. Myocardial infarction and myocardial injury
are directly associated with autonomic dysfunction [701,702].

In infants, LINE1 hypomethylation is associated with elevated risk for tetralogy of
Fallot (TOF), which is a congenital defect caused by improper development of the right side
of the heart, usually characterized by right ventricular (RV) hypertrophy [703]. Patients
with pulmonary arterial hypertension (PAH) with RV hypertrophy exhibited significant im-
pairment in autonomic balance compared to healthy controls [704]. Interestingly, complete
echocardiographic evaluation of COVID-19 patients conducted within 24 h of admis-
sion found RV dilatation and dysfunction in 39% of patients, while the most common
echocardiographic abnormality at follow-up of patients (20%) who experienced clinical
deterioration was RV function deterioration [705]. Additionally, 78% (78/100) of recovered
patients showed cardiac involvement in their MRIs executed 71 days (average) pi, while
60% showed persistent myocardial inflammation [706].

7.1.3. LINE1 Derepression and Global Hypomethylation Are Induced by
Mitochondrial Dysfunction

Global hypomethylation is associated with LINE1 derepression [674]. Generally re-
pressed in somatic cells, L1s are activated in the embryo, and the de novo retrotransposition
events in the germline by highly polymorphic L1s may contribute to heritable genetic
variations and mutations. Since the reactivation of L1s in the germline and the loss of global
DNA methylation threatens the stability of the germline genome, L1s are usually silenced
by adaptive mechanisms in the germline [707,708], whereas derepression causing global
hypomethylation of LINE1 is associated with many types of cancers [679,709–711]. The
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only known somatic tissue in humans where L1s are derepressed throughout the entire
life cycle is the human brain [712]. L1s can make new somatic insertions and mobilize
DNA copies via copy-and-paste duplication mechanisms [637]. It is estimated that there
are ~13.7 new somatic L1 insertions per hippocampal neuron, and 6.5 insertions per glial
cell [713], with implications of potential relevance during neuronal differentiation and the
generation of genomic plasticity [714], while having the capacity to influence not only neu-
rogenesis [715], but also normal and abnormal neurobiological processes [716]. Inevitably,
many neurological disorders are associated with complex, aberrant L1 activities [635],
including Rett Syndrome (RTT) [717], Aicardi-Goutières syndrome (AGS) [718,719], ataxia
telangiectasia (AT) [720], autism spectrum disorder (ASD) [721,722], schizophrenia [723],
amyotrophic lateral sclerosis (ALS) [724], and neurodegenerative disorders [725,726].

SARS-CoV-2 infections can cause mitochondrial dysfunction via multiple mecha-
nisms, including elevated ROS, membrane depolarization, and alterations in mtDNA
gene expression and copy number [298,336] (Sections 5.1–5.3). LINE1 can be mobilized
in neurons by distressed mitochondria where mild inhibition of mitochondrial complex
I activity increased free radical production to activate the mobilization of LINE1 in male
C57Bl/6J mice in vivo and human dopaminergic LUHMES cells in vitro. The resultant
global demethylation may induce epigenetic alterations in the transcription of genes that
encode mitochondrially imported proteins [727]. It is, therefore, entirely conceivable that
mitochondrial dysfunction from viral persistence in PASC patients may be responsible for
common, major manifestations, such as immune dysregulation, cardiovascular autonomic
dysfunction, and neurological dysfunction via mobilization of LINE1 and subsequent
epigenetic alterations. Melatonin is an ancient molecule that not only can regulate viral
phase separation to inhibit infection and replication, but also suppress LINE1 derepression.

7.2. Melatonin Suppresses LINE1 Derepression via Antioxidant-Dependent and
-Independent Mechanisms

Oxidative stress is widely accepted as the key player contributing to the pathogenesis,
severity, and mortality of COVID-19 patients [728]. The only difference in clinical param-
eters between critically ill patients who recovered or died is the level of 4-HNE-protein
adducts [397], implying a high level of lipid peroxidation from uncontrolled oxidative stress
potentially induced by various mechanisms during viral infection, including viroporin-
mediated membrane depolarization and mPTP opening (Section 5.2). In human bladder
cancer tissues, the expression of the RNA-binding LINE1 ORF1 protein was elevated by
increased 4-HNE as well as H2O2-induced oxidative stress in various cell cultures [729],
while a comparison between peripheral blood cells, urinary exfoliated cells, and cancer-
ous tissues collected from healthy controls and bladder cancer patients found marked
differences in LINE1 hypomethylation patterns between the two groups. However, both
healthy and cancerous specimens exhibited a distinct, dose-dependent, positive correlation
between LINE1 hypomethylation and the level of oxidative stress as represented by urinary
total antioxidant status (TAS) and plasma protein carbonyl content [730]. During infec-
tions, increased expression of oxidative stress genes supports pro-inflammatory immune
responses [731,732]. In silico analyses evaluating the expression of 125 oxidative stress
genes from publicly available transcriptomic datasets of COVID-19 patients found a signifi-
cant upregulation of seven oxidative stress genes in severe versus nonsevere COVID-19,
while important antioxidant genes were downregulated at critical disease stages. Further-
more, saliva and blood samples revealed a significant increase in myeloperoxidase and
calprotectin—oxidative stress genes responsible for inflammatory host defense that were
detected by in silico analyses—in severe patients compared to asymptomatic COVID-19
patients [733–735].

7.2.1. Oxidative Stress Activates LINE1 ORF1 Proteins to Associate with Stress Granules

The derepression of LINE1 triggered by oxidative stress may be one of the evolutionary
adaptive responses, where living organisms increase genotypic and phenotypic variations
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during exogenous and/or endogenous stress [676,736], in addition to the formation of
reversible SGs and other stress-induced, phase-separated MLOs [69]. In plants, RTEs
are also activated upon stress to support somaclonal variation, altering gene expressions
that may provide evolutionary advantages [737,738]. What remains unclear is whether the
production of L1 genetic variations in humans exerts a toll in the form of DNA damage [642].
However, recent works revealed the important role of L1 genotoxicity serving as quality
control for genome integrity in fetal oogenesis that may promote genetic diversity and
adaptation to stress in mammals [739]. BE(2)C neuroblastoma cells—representative of
sympathetic neuron embryonic precursors—treated with H2O2 to induce oxidative stress
generated a two-fold increase in LINE1 ORF1p mRNA transcripts [740]. Mouse embryonic
fibroblasts incubated with H2O2 elicited the assembly of SGs [86], and not unexpectedly,
LINE1 ORF1 proteins are targeted to SGs, colocalizing with markers of cytoplasmic SGs in
both stressed and unstressed cells, implying that SG formation and the tight association with
LINE1 ORF1ps are intended to control retrotransposition activities and genetic alterations,
including potential DNA damage [741,742]. Thus, by preventing SG disassembly via
inhibition and deactivation of GSK-3 (Section 6.2, Figure 2), melatonin may suppress
aberrant LINE1 activities as a result of SARS-CoV-2 targeted disruptions of host SGs. Most
importantly, melatonin can inhibit LINE1 derepression in an antioxidant-dependent and
-independent manner.

7.2.2. Melatonin May Inhibit LINE1 Expression and Derepression via Regulation of ORF1
Protein Phase Separation

An in situ perfusion of human prostate cancer-derived tumors established in nude
male rats with human blood collected from healthy male donors at different times during
the circadian cycle revealed that only blood rich in melatonin could suppress endogenous
L1 mRNA expression. In 2014, deHaro and co-workers reported the discovery that blood
collected from donors at night after exposure to bright light for 1 h resulted in a marked
suppression of endogenous melatonin production; moreover, perfusion of tumors using
blood exposed to bright light at night failed to reduce L1 mRNA in the same manner as the
melatonin-rich blood collected at night without light exposure from the same donors [743,
744]. Conversely, adding exogenous melatonin to melatonin-deficient blood during in
situ perfusions suppressed L1 mRNA in the same manner as nighttime melatonin rich-
blood. Furthermore, the overexpression of melatonin receptor 1 (MT1) also reduced L1
mRNA and ORF1p in cultured cells [743]. Since ORF1p phosphorylation is required
for L1 retrotransposition [745], and the phosphorylation of ORF1p sites target proline-
directed kinases (PDPKs), including MAPKs and GSK-3 [746], it is not inconceivable that
inhibition of MAPKs and GSK-3 by melatonin can interfere with ORF1p phosphorylation to
suppress L1 retrotransposition. However, it is highly probable that melatonin may inhibit
L1 retrotransposition via the regulation of ORF1p phase separation and other antioxidant-
dependent and -independent mechanisms.

7.2.3. ORF1p Phase Separation Formation of Dynamic Condensates Is a Requisite for L1
Retrotransposition

Both full-length and truncated ORF1p that contain the intrinsically disordered N-
terminal domain (ORF1–53) and coiled-coil domain (ORF11–152) are capable of robust phase
separation that form dynamic cytoplasmic membraneless condensates [747,748]. Even
though the disordered N-terminal domain promotes LLPS, phase separation of ORF1p is
dependent upon the interactions between the N-terminal and coiled-coil domains; further-
more, LLPS of ORF1p can be inhibited by high salt concentration [747], where no condensate
formation was observed above 300 mM potassium chloride (KCl) [748]. Decreasing the
ratio of ORF1p to RNA changes the viscosity and surface tension of condensates, slowing
droplet fusion kinetics, and even alters the physical properties of L1 condensates [748].
More importantly, ORF1p phase separation may be essential for L1 retrotransposition,
as mutations that prevented ORF1 condensate formation also suppressed retrotransposi-
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tion activities [748]. Therefore, inhibition of ORF1p phase separation may be one of the
mechanisms employed by melatonin to suppress L1 derepression.

7.2.4. Melatonin Enhances Complex I Functions, Reduces Oxidative Stress, and Regulates
DNA Damage Response Elements to Restrain L1 Retrotransposition

L1 derepression in neurons can be activated by distressed mitochondria exhibiting
inhibition of complex I activities [727]. Early in vivo and in vitro works found melatonin
to be extremely effective in counteracting oxidative stress, protecting and enhancing mito-
chondrial OXPHOS activities to elevate ATP production in mitochondria. Male Wistar rats
treated with ruthenium red (60 mg/kg bw)—an inhibitor of mitochondrial OXPHOS [749]—
exhibited extensive oxidative stress and damage in their liver and brain mitochondria.
Administration of melatonin at 10 mg/kg (i.p.) 10 min before ruthenium red treatment
not only rescued, but increased activities of complex I in a time-dependent manner, where
maximal responses observed at 30 and 60 min returned to control levels after 120 and
180 min in liver and brain mitochondria, respectively [750]. Furthermore, in vitro work
showed that melatonin rescued cyanide-induced inhibition of ATP production in rat brain
and liver mitochondria by counteracting the deactivation of complex IV by potassium
cyanide (CN) in a dose-dependent manner. The addition of 1 and 10 nM melatonin sig-
nificantly enhanced complex I activity in cyanide-treated mitochondria in liver and brain,
respectively. Whereas the addition of 100 nm melatonin not only counteracted complex IV
toxicity induced by CN, but also increased complex IV activity to 50% above control levels
to generate an impressive 46% increase in ATP production [265]. In neurons, ruthenium
red inhibits mitochondrial OXPHOS by K+ depolarization that maximally elevates Ca2+

levels [751], in a manner not dissimilar to viroporin ion channel activities that can cause
mitochondrial distress. The ability of melatonin to rescue mitochondria from ruthenium
red-induced ionic imbalance and cyanide-induced oxidative stress [752] in mitochondria
shows melatonin can be an effective suppressor of L1 derepression. Furthermore, melatonin
may be able to maintain BRCA1 gene expression and regulate S phase DNA damage repair
to restrain L1 retrotransposition.

A sophisticated spatio-temporal analysis of host transcriptomics from autopsy samples
of cardiac tissues obtained from COVID-19 patients revealed that, although absent in
cardiac tissues, SARS-CoV-2 can cause extensive DNA damage and the consequential
upregulation of genes associated with DNA damage repair. Whereas the downregulation
of gene clusters associated in mitochondrial function and metabolic regulation in cardiac
tissues may be responsible for the evasion of mitochondria-mediated innate immunity [753].
The SARS-CoV-2 virus spike protein may cause dysregulation of DNA damage response
by preventing the recruitment of key DNA repair proteins, including the E3 ubiquitin
ligase Breast Cancer 1 (BRCA1) to targeted damage sites [754,755]. BRCA1 directly affects
L1 retrotransposition frequency and L1 structure via competition during the important
cell cycle checkpoints S/G2 phase [756,757]. L1 is biased towards the DNA synthesis
S phase of the cell cycle where genetic replication is the most vulnerable [756,758], and
ORF2p is responsible for binding essential S phase replication fork components PCNA
and MCM [756,759]. Therefore, overexpression of L1 can result in the overaccumulation
of cells stalled in the early S phase, implying that L1 not only can enhance but also relies
on replication fork stalling for retrotransposition [756]. BRCA1 may also suppress L1 by
regulating L1 ORF2p translation via mRNA binding between ORF1p and ORF2p to impede
translation and affect ORF2 levels [756]. Even though melatonin is known to downregulate
the expression of BRCA1 genes that were elevated by estradiol stimulation in several breast
cancer cell lines [760,761], not surprisingly, melatonin is associated with the nighttime
elevation of BRCA1.

BRCA1 gene expression in lymphocytes of shift workers exhibited reduced ampli-
tude compared to healthy daytime workers. Furthermore, BRCA1 expression in healthy
day workers peaked at night, whereas BRCA1 levels for shift workers were the lowest at
night [762]. Even though the correlation between altered BRCA1 expression and melatonin
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levels in shift workers was not determined, the increased light exposure at night naturally
suppresses melatonin production [763], altering BRCA1 gene expression [764,765]. Never-
theless, the role of melatonin as a “smart”, “pleiotropic” molecule that modulates DNA dam-
age response and repair pathways has been extensively reported and reviewed [766–770].
In breast cancer cells, pretreatment with melatonin from 1 nM to 1 mM, seven days before
irradiation, resulted not only in a significant decline of cancer cell proliferation compared to
radiation alone, but also induced a significant decrease in proportion of cells in the S phase
and a simultaneous increase in proportion of cells in the G1 phase [771]. In addition to the
reduction of cells in the S phase and elevation of BRCA1 as part of an impressive array of
strategies to contain L1 derepression, melatonin also dynamically deploys m6A epitran-
scriptomic modification to regulate phase separation not only to restrain L1 derepression,
but also suppress SARS-CoV-2 viral replication (Figure 1).

7.3. m6A Modifications Regulate SARS-CoV-2-Mediated LINE1 Derepression

LINE1 is the driving force behind both genome diversity and genome
instability [772,773]. Hosts including humans rely upon an intricate balance of m6A
modifications to safeguard genome integrity. Thousands of m6A-marked intronic L1s
(MILs) discovered in a variety of fetal tissues can block the transcription of long genes
and impede host gene expression resulting in disease; conversely, the host uses effective
countermeasures including the nuclear matrix RNA binding-protein SAFB [774]—a novel
m6A reader complex—to bind and reduce MILs and protect host gene transcription pro-
cesses [775]. In general, m6A positively regulates the expression of autonomous L1s and
facilitates L1 retrotransposition by promoting the docking of eukaryotic initiation factor 3
(eIF3) on L1 5′ UTR to generate retrotransposition-competent L1 RNPs, whereas the m6A
“eraser” ALKBH5 suppresses retrotransposition [776]. Therefore, the depletion of SAFB
can significantly elevate L1 retrotransposition activity, but knockdown of “writers” and
“readers” will impede the process. Furthermore, the depletion of m6A “writers” METTL3,
METTL14, and ZC3H13 or “reader” YTHDC1 will reduce the levels of the evolutionarily
young intronic L1s that are marked by m6A [775,777].

RNA regulates phase separation of condensates by contributing to multivalency
through nonspecific negative charges [242,243]; moreover, m6A modifications add another
layer of control to RNA-mediated phase separation by altering the charge, conformation,
and anchoring of RNA-binding proteins (RBPs). m6A modifications act as “beacons” to
attract “readers”, such as YTH domain proteins that binds m6A to modify interactions
between RNAs and RNAs and proteins via RNA splicing, folding, and protein transla-
tion [246,778]. The depletion of the m6A “reader” YTHDC1 in mouse embryonic stem cells
(ESCs) resulted in the dysfunction in RNA recruitment, preventing the proper formation
of LINE1-scaffold complexes vital in the maintenance of ESC self-renewal [779]. In order
to promote viral gene expression, both DNA and RNA viruses have successfully evolved
mechanisms to take full advantage of host epitranscriptomic modifications that may posi-
tively regulate mRNA translation to maximize viral gene expression [245]. In essence, the
regulation of host transcriptome and epitranscriptome by viruses including SARS-CoV-2
ultimately converges on m6A modifications [780].

7.4. Viral Epitranscriptomics: The Hijacking of Host m6A for Viral Infection and Replication

The epitranscriptome is a collection of ~163 post-transcriptional chemical modifi-
cations of eukaryotic messenger RNAs (mRNAs) [781,782] responsible not only for the
regulation of fundamental biological processes, but also gene expression and regulation at
the RNA level [783–786]. Reversible epitranscriptomic changes can fine-tune gene expres-
sion to modulate stress responses and developmental processes [244]. N6-methyladenosine
(m6A)—the most abundant, dynamic, reversible modification that transfers a methyl
group to the sixth position of the purine ring in RNA adenosine—has been found in the
genomes of RNA viruses and is responsible for both viral inhibition and replication in
host cells [247,787,788]. The replication of SARS-CoV-2—similar to other positive-strand,
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eukaryotic RNA viruses—transpires exclusively in the cytoplasm of host cells [789], and
m6A covalent editing events in the cytoplasm can alter viral gene expression to regulate
infection, replication, and pathogenesis [790–792] (Figure 3).

During infection, the human respiratory syncytial virus (RSV) can alter host RNA
m6A distribution, where more than 7000 alterations in host gene expression in human
lung carcinoma epithelial A549 cells were partially attributed to m6A modifications. Fur-
thermore, m6A “writers” enhanced RSV replication and pathogenesis, and knockdown of
methyltransferases METTL3 and METTL14 decreased RSV replication; whereas knocking
down demethylases, on the contrary, increased viral gene expression and replication. In
the same manner, overexpression of m6A “erasers” FTO and ALKBH5 produced a re-
markable reduction in expression of RSV F and G replication proteins by 80-and 20-fold,
respectively [793]. Similarly, the influenza A virus (IAV) expresses m6A-modified RNAs
that control viral expression and pathogenicity, where the in vitro replication of IAV in
A549 cells is inhibited by mutational inactivation of the METTL3 m6A “writer” enzyme.
Conversely, IAV gene expression, replication, and production of infectious particles are
enhanced by the ectopic overexpression of the YTHDF2 m6A reader enzyme [794]. Stud-
ies employing a combination strategy of gene knockdown, knockout and overexpression
found m6A residues to enhance replication of IAV [794]. Overexpression of the “reader”
YTHDF2 or the knockdown of the ALKBH5 m6A “eraser” enzyme promoted HIV-1 gene
expression and replication, whereas the knockdown of METTL3 or YTHDF2 both inhibited
HIV-1 gene expression [795,796]. The ZIKV, however, responds differently to host m6A
modifications where knockdown of “writers” METTL3 and METTL14 increased ZIKV
production, whereas silencing demethylases and “reader” YTHDF increased replication of
the Zika virus [797].
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promoted by “readers” from the YTH domain proteins YTHDF1 and YTHDF3. N pro-
tein phase separation disassembles stress granules and hijacks DEAD-box RNA helicase
DDX3X to allow m6A demethylase (“eraser”) ALKBH5 to remove m6A modifications in
antiviral transcripts, suppressing innate immunity to increase viral replication. Conversely,
m6A “eraser” FTO can inhibit viral replication by removing modifications by “writers”,
effectively reducing formation of viral factories responsible for viral transcription and
genome packaging. M6A “reader” YTHDF2 facilitates the assembly and nucleation of stress
granules, ensuring DDX3X is allocated to support antiviral immune responses, including
MAVS in mitochondria.

7.5. Is m6A a Positive or Negative Regulator of SARS-CoV-2 Replication?

The RNA modification of eukaryotic RNAs by m6A is dynamic and reversible. Methy-
lation by “writers”, including METTL3 and METTL14 of mRNAs, transfer RNAs (tR-
NAs), ribosomal RNAs (rRNAs), and long noncoding RNAs (lncRNAs), can be reversed
or “erased” by demethylases such as FTO and ALKBH5 that remove the m6A from
RNAs [798–801]. The SARS-CoV-2 virus mediates virus–host interactions to enhance
replication by modifying m6A and increasing the host m6A methylome upon infection. In
2021, Liu et al. demonstrated for the firsts time that the SARS-CoV-2 negative-sense RNA
intermediates, in addition to the positive-sense genome, were also subject to m6A epitran-
scriptomic regulation in infected cells where dynamic changes to both host and viral RNA
m6A methylome were detected [802]. The SARS-CoV-2 virus can modulate methylation
motifs in mRNAs and translocate the m6A “writer” METTL14 and “eraser” ALKBH5 into
the cytoplasm where replication and transcription of the viral genome are processed [802].
Since the YTH-domain family 2 (YTHDF2) protein mediates the deadenylation that de-
cays m6A-marked transcripts [803,804], replication of the SARS-CoV-2 virus is deemed to
be sensitive to the negative regulation by m6A “reader” YTHDF2 [802]. An analysis of
RNA-seq of 126 COVID-19 patient blood samples from a GEO dataset revealed a strikingly
elevated level of m6A modification associated with increased expression of CD4+ T cells in
leukocytes of infected compared to uninfected individuals [805]. A systematic analysis of
RNA-seq and clinical data obtained from 100 COVID-19 and 26 non-COVID-19 subjects
revealed that the expression of both METTL3 “writers” and FTO “erasers” were increased
in the 100 COVID-19 patients but not in non-COVID-19 controls, where m6A targeted genes
were differentially expressed. However, patients under emergency care exhibited lower
m6A signature scores compared to controls [806]. The fact that m6A modifications in both
host and the infecting virus are dynamic interacting events that can be time-sensitive may
create additional challenges in the interpretation of the evidence reported.

An examination of m6A modification kinetics in African green monkey kidney epithe-
lial (Vero) cells [807] infected by SARS-CoV-2 discovered distinct peaks during the first 12
h of infection where m6A modified SARS-CoV-2 RNA peaked at 10 hpi–12 hpi (~100%+),
whereas the relative level of m6A modification was significantly higher at 2 hpi (~10%)
compared to 4 hpi (~5%) and 6 hpi (4%) [808]. The use of different cell types and the time
of extraction post-infection may also conceivably affect the results obtained from infected
cells to account for contradictory observations reported in literature. Liu et al. reported that
the knockdown of “writers” METTL3/METTL14 and “reader” YTHDF2 increased viral
infection/replication, while the knockdown of “eraser” ALKBH5 decreased infection in
human hepatocarcinoma (Huh7) cells after 72 hpi [802]. Their results were confirmed by
Zannella et al. who used rhein—an inhibitor of m6A “erasers”—to knockdown fat mass
and obesity-associated protein (FTO) [809] in Vero cells infected by SARS-CoV-2, where a
dose-dependent effect was seen after 14 hpi with interference of viral life cycle to complete
blockage of infection at the highest dose used [810]. Conversely, works of others have found
m6A “writers” and “readers” to positively regulate SARS-CoV-2 infection and replication,
where their knockdowns decreased viral replication (Table 1, Figure 3).

In human colorectal adeno-carcinoma Caco-2 infected by the SARS-CoV-2 virus, knock-
ing down methyltransferase METTL3 reduced viral load, proviral gene expression and
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m6A levels 24 hpi [251]. Similar results were obtained in Vero cells 24 hpi, where knock-
down of METTL3 reduced viral titer, N protein gene expression and copy number, whereas
knocking down FTO produced the opposite effect. Interestingly, an increase in METTL3
expression and a decrease in FTO expression were detected at 48 hpi [811]. A reproducible
microarray analysis of m6A epitranscriptome of peripheral blood samples obtained from
severe, mild, and healthy controls not infected by SARS-CoV-2 revealed a significantly
higher level of hypermethylated genes that were positively correlated with the methyl-
transferase RMB15 in severe patients. Knocking down RMB15 in cutaneous T-lymphocyte
(HuT 78) cells resulted not only in the decline of total m6A methylation levels and expres-
sion of genes associated with programmed cell death and inflammatory response, but
also rescued lymphocyte apoptosis in vitro at 24 hpi [812]. In stably expressing human
ACE2 adenocarcinomic human alveolar basal epithelial (A549+ACE) cells, knocking down
METTL3 and “readers” YTHDF1/YTHDF3 reduced SARS-CoV-2 infection and subsequent
accumulation of proteins by ~3- to 24-fold, in addition to decreased synthesis of the N
protein at 48 hpi [813] (Table 1, Figure 3). At this point, it is tempting to speculate regarding
the inconsistent results on METTL3 and FTO during SARS-CoV-2 infections.

Intracellular oxidative stress is increased during SARS-CoV-2 infection in a time-
dependent manner [296,393]. The knockdown of METTL3 can potentially further exacer-
bate oxidative stress injury in tested cells [814,815]. The SARS-CoV-2 is a positive-strand
virus that promotes viral replication via template switching within the 5′ cap structure [789].
During the early replication cycle, a negative strand uncapped copy of the RNA genome is
generated and used as a template to synthesize the 5′ capped positive strand genomes in
later stages of viral protein production. Capping activity is enhanced by an oxidative envi-
ronment but inhibited by the presence of antioxidants [816]. Consequently, exposure to 72 h
of the SARS-CoV-2 virus could have significantly elevated oxidative stress and increased vi-
ral production. Therefore, the independent replication of results obtained by Liu et al. [802]
to further clarify the effects of m6A “writers” and “erasers” on SARS-CoV-2 replication
is of paramount importance. However, the use of rhein to support the hypothesis that
FTO knockdown inhibits SARS-CoV-2 replication may be open to question. There is little
doubt that rhein can reversibly bind to FTO and inhibit m6A demethylation in vitro [817];
however, rhein is not a selective inhibitor of m6A “erasers” that include the ALKB fam-
ily proteins [818]. Furthermore, rhein is a natural product with an impressive array of
pharmacological activities [819], including antiviral mechanisms. Rhein can significantly
inhibit IAV adsorption and replication via antioxidant-dependent pathways in vitro [820].
Therefore, if rhein inhibition of IAV is, in part, mediated through the knockdown of FTO,
which would increase METTL3, then the results would completely invalidate the findings
of Courtney et al., where inhibition of IVA replication in A549 cells was achieved by the
knockdown of METTL3 [794] and not by its increase via depletion of FTO “erasers”.

The manipulation of FTO demethylases during the early stages of SARS-CoV-2 in-
fection becomes even more compelling considering the fact that METTL3 knockdown in
Huh7 cells can suppress both glycolysis and the mammalian target of rapamycin complex 1
(mTORC1) in patients with hepatocellular carcinoma (HCC) [821], supporting theories that
target glucose metabolism and the inhibition of the mTOR pathway as effective treatments
for COVID-19 [822,823]. It is also possible that the SARS-CoV-2 virus commandeers host
m6A modifications to enhance N protein phase separation, promoting viral replication,
and hijacking DDX3X via disassembly of SGs. Interestingly, all of these strategies are
intricately intertwined with m6A modifications, and melatonin is in a most unique position
to dismantle the entire viral operational structure using multifaceted maneuvers.
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Table 1. The in vitro effects of m6A modifications by methyltransferases METTL3/METTL14, “read-
ers” YTHDF1/2/3, and demethylases ALKHB5/FTO on SARS-CoV-2 viral replication and protein ex-
pression.

m6A Modification
Enzymes

Cell Line/Extraction
Time Method Effects Reference

METTL3 Caco-2/24 hpi Knockdown Decreased replication [251]
METTL3/METTL14 Huh7/72 hpi Knockdown Increased replication [802]

YTHDF2 Huh7/72 hpi Knockdown Increased replication [802]
ALKHB5 Huh7/72 hpi Knockdown Decreased replication [802]

FTO Vero/14 hpi Knockdown

Demethylase inhibitor
dose-dependent interference with

viral lifecyle with complete
blockage of infection at

highest dose.

[810]

METTL3 Vero/24 hpi Knockdown Decreased viral titer, N protein
copy number and expression [811]

METTL3 Vero/24 hpi Overexpression Elevated m6A modification [811]

FTO Vero/24 hpi Knockdown Increased viral titer, N protein
copy number and expression [811]

RBM15 HuT 78/24 hpi Knockdown Inhibited inflammatory gene
expression, lymphocyte apoptosis [812]

METTL3 A549+ACE/48 hpi Knockdown Reduced replication, synthesis of
viral RNA and N protein [813]

YTHDF1/YTHDF3 A549+ACE/48 hpi Knockdown Reduced replication, synthesis of
viral RNA and N protein [813]

hpi: hour post-infection.

7.6. Melatonin Phosphorylation of GSK-3 Increases the m6A Demethylase FTO

The SARS-CoV-2 virus hijacks GSK-3 to tune the viscosity and function of condensates
formed by its N protein via phosphorylation (Section 6). The hijacking of GSK-3 may also
increase m6A and associated activities by METTL3 because GSK-3 can phosphorylate m6A
“eraser” FTO, resulting in lower levels of FTO and higher levels of METTL3 “writers”. In
mouse ESCs, knockout of GSK-3 reduced m6A nucleotides by 50% compared to wild-type
ESCs, reflecting the significant increase in FTO demethylase activities [824–826]. Conse-
quently, knockdown of FTO in infected Vero cells not only increased viral titers, but also
increased the gene expression and copy number of the N protein [811]. The phosphorylation
of FTO by GSK-3β and the subsequent degradation of FTO by ubiquitination downregulates
the expression of the transcription factor Myc during myocardial ischemia/reperfusion
injury, elevating cardiomyocyte apoptosis and oxidative stress levels [827,828]. Thus, the
timely deactivation of GSK-3 by melatonin via inhibition of GSK-3 gene expression and the
phosphorylation of GSK-3 can increase FTO levels and reduce METTL3 in the early stages
of infection to effectively suppress not only viral phase separation by N protein, but also
the global modulation of the epitranscriptome by the SARS-CoV-2 virus (Figure 2).

7.7. SARS-CoV-2 Suppresses Innate Immune Responses by Hijacking DDXs to Enhance ALKBH5
and METTL3

The suppression of GSK-3 activities can also prevent the SARS-CoV-2 virus from
hijacking DDX3X and disassembling SGs (Section 6.1). RNA helicases of the DEAD-box
(DDX) protein family are highly conserved, ATP-dependent enzymes found among most
prokaryotic, archaea, eukaryotic, and viral genomes, responsible for critical roles in all
aspects of RNA metabolism from transcription and translation to final degradation [829].
DDX proteins assume proviral features during viral infection due to their essential functions
in the regulation of cellular stress and survival mechanisms [830]. Many RNA viruses, in-
cluding hepatitis C virus (HCV) [831], human immunodeficiency virus type I (HIV-1) [832],
Japanese encephalitis virus (JEV) [833], severe acute respiratory syndrome coronavirus
(SARS-CoV) [834], and even SARS-CoV-2, can bind and hijack host DDX proteins to facil-
itate and enhance viral genome replication, even though these RNA viruses all express
their own RNA helicases [530]. The SARS-CoV-2 N protein hijacking of DDX3X not only
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enhances viral genome transcription and packing [530], but may also utilize DDX3X to
manipulate host antiviral responses via m6A “eraser” alpha-ketoglutarate-dependent dioxy-
genase alkB homolog 5 (ALKBH5) demethylase that can remove specific immune m6A
modification targets.

ALKBH5 is an m6A modification enzyme with the important role of balancing methy-
lation and demethylation of RNAs that modulates RNA metabolism [835]. However, in an
in vivo VSV-infection mouse model, ALKBH5 can erase m6A-modified antiviral transcripts
to prevent IFN translation and inhibit type I IFN production by binding to nuclear DDX46,
inducing the retention of antiviral transcripts including MAVS in the nucleus, reducing
the expression of MAVS, and inhibiting MAVS-induced activation of IFN-β luciferase
reporter [836]. RNA-Seq of severe COVID-19 patient blood samples showed a significant
elevation of leukocyte CD4+ T cells compared to uninfected controls [805]. ALKBH5 trig-
gers inflammatory cascades by enhancing CD4+ T cell response during viral infections. In
an experimental autoimmune encephalomyelitis mouse model, ALKBH5 decreased m6A
modification on interferon-γ (IFN-γ) and C-X-C motif chemokine ligand 2 (CXCL2) mRNA
in CD4+ T cells, increasing the stability of mRNA transcripts and enhancing corresponding
protein expression [837]. Consequently, knockdown of ALKBH5 in Huh 7 cells was found
to decrease replication of SARS-CoV-2 72 hpi [802]. DDX3X plays an important role as a
direct regulator of ALKBH5, mediating the modulation of demethylation of m6As during
viral infections.

DDX3X is both an ATPase and an RNA helicase involved in a broad range of RNA
metabolic activities including transcription and translation to regulate not only cell cycle
progression and apoptosis, but also antiviral and type I IFN immune responses [838–840].
As such, DDX3X is a “double-edged sword” during viral replication [532]. In human oral
squamous cell carcinoma, the demethylation of mRNAs by ALKBH5 in HEK293T and HeLa
cells is mediated by DDX3X [841]. DDX3X is required for direct interaction with ALKBH5
where the ATP domain of DDX3X must interact with the DSBH domain of ALKBH5 in
order to stabilize binding between DDX3X and ALKBH5 [842]. DDX3Xs are recruited to
SGs during SG assembly [523]. Therefore, by disassembling SGs via manipulation of the
GSK-3/Gle1 pathway, the SARS-CoV-2 virus can liberate and sequester DDX3X to facilitate
binding with ALKBH5 to enhance immune evasion [802,843], whereas the timely inhibition
of the GSK-3/Gle1 pathway during early infection stages by melatonin can protect the
assembly of SGs and restrain DDX3Xs from binding excessively with ALKBH5 (Figure 2).

The SARS-CoV and SARS-CoV-2 viruses manipulate other DEAD-box proteins, in-
cluding Asp-Glu-Ala-Asp (DEAD)-box polypeptide 5 (DDX5 or p68) to negatively regulate
the innate antiviral immune response by increasing METTL3-mediated RNA methylation
and the subsequent decay of antiviral transcripts [530,844]. The resulting blockade of the
p65 pathway enhances viral replication, whereas the recruitment and interaction between
DDX5 and METTL3 can be further exploited and enhanced by viral infections. DDX5+/-

mice showed significantly lower levels of viral titers and reduced tissue damage than
wild-type controls [845]. Knocking down DDX5 in SARS-CoV significantly hampered
the viral replication [834]. While the SARS-CoV-2 spike protein S2 region interacts with
the N-terminal of DDX5 to decrease DDX5X binding to METTL3 and increase METTL3
m6A modifications. Knocking down DDX5X further intensified the effects of spike pro-
tein S2 region elevation of m6A modifications in a macrophage lipid uptake model [846].
Interestingly, DDX5 can bind and enhance G3BP1 transcription in an antagonistic, com-
petitive manner with MAGE-B2, where DDX5 binding to G3BP1 is inversely correlated
to MAGE-B2 binding [847]. MAGE-B2 represses G3BP mRNA translation by displacing
DDX5 helicase from the 5′ UTR [848]. Therefore, spike protein S2 interactions with DDX5
can potentially facilitate and augment N protein disassembly of SGs via inhibition of the
SG nucleator G3BP.



Int. J. Mol. Sci. 2022, 23, 8122 38 of 75

7.8. G3BP1 Is Repelled by m6A METTL3 Modification, but Associates with YTHDF Proteins to
Form Stress Granules

During viral infections, SGs assume the responsibility of temporarily sequestering
non-translating mRNAs and RNA-binding proteins (RBPs) to stall host bulk translation
and limit viral protein accumulation [66,67]. Thus, viruses target the disassembly of SGs
via different mechanisms to dismantle innate antiviral immune response [65,849–851]. The
stress granule protein G3BP1 is strongly repelled by m6A in an RNA-sequence-context-
dependent manner, which directly and negatively affects the binding of G3BP1 to its
targeted sites on mRNAs, with the implication that m6A can inhibit G3BP1 binding in
certain sequence contexts and that m6A can negatively affect the stability of G3BP1 target
mRNAs. Knockdown of METTL3, therefore, significantly increased the stability of G3BP1
target mRNAs as a result of increased binding effects, not dissimilar to overexpression
of G3BP1 [852,853]. Hence, the regulation of m6A modifications and METTL3 expression
during the early stages of viral infection may be critical in controlling not only N protein
phase separation [854], but also the cascading effects of phase separation and the subsequent
disassembly of SGs via interactions with G3BP1 (Section 5.5) (Figures 1 and 2).

G3BP1 is responsible for the nucleation of SGs to promote multiple innate immune
antiviral responses [855,856]. m6A “readers” YTHDF1, YTHDF2, and YTHDF3 are enriched
in SGs under oxidative stress, where YTHDF1/3 clusters around the periphery of G3BP1
proteins while YTHDF2 are colocalized with G3BP1 in SGs to promote SG formation [857].
The activation of YTHDF proteins are inversely correlated with oxidative stress [858], and
m6A nucleotides interact with YTHDF proteins to lower activation energy barrier and
reduce critical size necessary for SG formation [859]. The knockdown of YTHDF1/3, but
not YTHDF2, substantially reduced both the size of G3BP1 protein clusters and SG forma-
tion in human osteosarcoma (U2OS) cells [857]. Interestingly, knocking down YTHDF1/3
in A549+ACE2 reduced SARS-CoV-2 replication and protein synthesis [813]. Conversely,
knocking down YTHDF2 had the opposite effect of increasing SARS-CoV-2 replication in
Huh7 cells [802] (Table 1). A global analysis of protein–RNA interactions in human lung
cancer (Calu-3) cells infected by SARS-CoV-2 revealed that both YTHDF2 and YTHDF3
were slightly upregulated during early stages (8 h) but significantly downregulated in
later stages (24 h) [158]. Human ovarian surface epithelial cells (HOSEpiCs) treated with
the Ras oncogene exhibited characteristics associated with senescence-associated secre-
tory phenotype (SASP) and reduced levels of YTHDF2 from elevated production of ROS.
Treatment with 1 mM melatonin attenuated SASP by upregulation of YTHDF2 and reduc-
tion of ROS [860]. Therefore, the timely application of melatonin during early stages of
infection may positively regulate YTHDF2 and negatively regulate METTL3 to inhibit viral
replication (Figure 2).

7.9. Melatonin Modulates the Expression of m6A METTL3 Methyltransferase in a
Context-Dependent, Pleiotropic Manner

Melatonin elevates the expression of demethylase FTO via suppression of GSK-3 gene
expression and the phosphorylation of GSK-3 (Section 7.6). The increase of FTO is naturally
associated with a decrease in m6A levels. However, an analysis of changes in quantified
mRNA expression levels of m6A methyltransferase and demethylase in epididymal white
adipose tissues obtained from mice subjected to an alimentary obesity model found a
significant reduction in the transcription of not only “writers” METTL3, METTL14, but
also the “eraser” ALKBH5 in animals treated with 20 mg/kg melatonin (i.p.) for 14 days
compared to controls. Conversely, transcriptions for m6A “reader” YTHDF2 and “eraser”
FTO were markedly increased. Furthermore, m6A levels were inhibited by melatonin sup-
plementation in adipocytes examined [861] (Table 2). In vitro work showed that melatonin
treatment for 48 h at 1 µmol/L enhanced the stability of mRNAs in extracellular vesicles
derived from bone marrow-derived mesenchymal stem cells by reducing transcription
of METTL3 to suppress global m6A modification levels [862] (Table 2). While long-term
cultured ESCs treated with 10 µM melatonin maintained stemness features for over 90 days
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(45 passages) accompanied by a global decrease in m6A modification and a significant
reduction of METTL3 in the nuclei of treated ESCs, in addition to changes in expression
levels of 2486 genes compared to controls. The reduction in m6A modification not only de-
creased methylation and increased RNA stability of core pluripotency factors Nanog, Sox2,
Klf4, and Myc, but also upregulated levels of these transcription factors due to extension of
mRNA half-life times [863] (Table 2). Pluripotent stem cells are highly sensitive to subtle
changes in the level of oxidative stress in their environment where excess, uncontrolled
ROS impact proliferation, differentiation, and genomic stability [864,865]. Oxidative stress
and ROS signaling are also critical in the modulation of m6A RNA modification.

Cancer cells with aberrant oxidative and antioxidant systems often exhibit dynamic
crosstalks between oxidative stress and m6A modifications where intracellular ROS levels
can change the levels of m6A methylation but may also be regulated by m6A modifica-
tions [866]. An analysis of RNA-seq assays for mouse neuroblastoma (Neuro-2A) cells
treated with paraquat (PQ)—an oxidative stress-inducing herbicide—revealed that both
oxidative stress as well as antioxidative stress can generate distinct transcriptome dis-
tributions of m6A peaks that modified circular RNAs (circRNAs) in treated cells, where
PQ-treated cells presented abundant m6A peaks across the CDS region but exhibited less
peaks in the 3′-UTR region; whereas cells pretreated with the antioxidant N-acetylcysteine
(NAC) demonstrated the exact opposite effect. PQ treatment increased and decreased m6A
methylation in 107 and 112 circRNAs, respectively, while NAC pretreatment increased
and decreased m6A methylation in 156 and 111 circRNAs, respectively [867]. Neuro-2A
cells treated with PQ for 3 h caused hypermethylation of total long noncoding RNAs,
significantly increasing the expression levels of METTL3 and METTL14 methyltransferases,
but decreasing the expression of FTO and ALKBH5 demethylases [868]. Both m6A “writers”
and “erasers” are sensitive to oxidative stress, and their expression levels can be regulated
by oxidative stress. Elevated oxidative stress induced by cobalt chloride (CoCl2) exposure
caused a marked downregulation of FTO expression [869]. The expression levels of methyl-
transferase METTL16 was significantly increased by oxidative stress in both in vitro human
nucleus pulposus cells (NPCs) and an intervertebral disc degeneration (IVDD) IVDD an-
imal model in female C57BL/6 mice [870]. Thus, the reduction in m6A elevation under
oxidative stress conditions by melatonin may be associated with its potent antioxidant
features. However, melatonin is a pleiotropic molecule that can also exert an opposite effect
to increase METTL3 expression in a high oxidative stress environment.

Chromium (V1) (Cr (VI)) induces oxidative stress via enhanced production of ROS,
leading to genomic DNA damage and lipid peroxidation [871]. Male C57BL/6J mice in-
jected with Cr (VI) (16.2 mg/kg i.p. daily × 14) but pretreated with 25 mg/kg
(i.p. daily × 14) melatonin all exhibited attenuated cell viability loss, ROS generation,
and reduced mitochondrial dynamic imbalance compared to controls. While the in vitro
treatment of mouse spermatogonial stem cells (SSCs) with 10 µM Cr (VI) produced a clear
loss of m6A modification after 1 h, in addition to a marked reduction in METTL3 expression
and m6A modifications of mitochondrial fusion genes after 4 h of exposure, pretreatment
with 50 µM melatonin not only restored METTL3 levels but also attenuated suppression of
m6A modifications in Cr (VI)-treated ESCs compared to controls [872] (Table 2). Ultimately,
melatonin is a “broad-based metabolic buffer” [415] that is used by living organisms in all
three domains of life to reduce exogenous and endogenous stress by maintaining redox
homeostasis in antioxidant- and prooxidant-dependent and -independent means [873–878].
In general, the knockdown of METTL3, METTL14, and ALKBH5 are associated with re-
duced SARS-CoV-2 viral replication, but knocking down YTHDF2 and FTO has the opposite
effect of increasing viral replication during SARS-CoV-2 infection (Section 7.5, Table 1).
Consequently, the delicate balance between m6A “writers”, “readers”, and “erasers” that
directly exert epitranscriptomic and transcriptomic changes may be greatly influenced by
elevated oxidative stress and mitochondrial distress produced as a result of viral infection
and replication during acute infection and post-infection recovery.
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Table 2. In vivo and in vitro effects of melatonin on m6A modifications by methyltransferases,
demethylases, and “readers”.

m6A Modification
Enzymes Model/Description Melatonin Doses Melatonin’s Effects Reference

METTL3/METT14
Epididymal

WAT/Alimentary obesity
mouse model

20 mg/kg IP injection ×
14 days Reduced transcription. [861]

ALKBH5
Epididymal

WAT/Alimentary obesity
mouse model

20 mg/kg IP injection ×
14 days Reduced transcription. [861]

FTO/YTHDF2
Epididymal

WAT/Alimentary obesity
mouse model

20 mg/kg IP injection ×
14 days

Significantly increased
transcriptions. [861]

METTL3 MSC-derived EV/SCI
mouse model 1 µmol/L for 48 h. Reduced transcription [862]

METTL3 Long-term cultured ESCs 10 µM × 90 days.
Maintained pluripotency
of ESCs by significantly

reducing METTL3 levels.
[863]

METTL3
Mouse SSC Cr

(VI)-induced m6A
downregulation

50 µM pretreatment
Restored METTL3 levels,

attenuated m6A
modification reduction.

[872]

WAT: white adipose tissue; MSC: mesenchymal stem cell; EV: extracellular vesicle; SCI: spinal cord injury;
ESCs: embryonic stem cells; SSC: spermatogonial stem cell; Cr (VI): chromium (VI); (see Abbreviations for
additional acronyms).

8. Conclusions

As COVID-19 transitions inevitably from pandemic to endemic, it is presently unclear
how continued endemic infections from evolving SARS-CoV-2 variants will shape human
health in the years to come. The detrimental effects of viral replication and persistence cause
excess oxidative stress and mitochondrial distress that not only activate LINE1 derepression
and global demethylation resulting in genomic instability, but also induce epitranscriptomic
m6A RNA modifications that can alter both host and viral RNA methylomes. Consequently,
SARS-CoV-2 introduces a complex, fertile landscape that fosters a wide-array of challenging
and often unexplained manifestations [879] during acute infection and PASC. The timely
application of melatonin as an essential adjuvant during acute infection and post-infection
recovery can inhibit viral infection, replication, and persistence to prevent the hijacking
of vital host resources and the global modulation of host genes associated with immune
evasion and suppression. Future clinical studies on melatonin and SARS-CoV-2 acute
infection should examine the different results from variations in dosages as well as timing
of supplementation that may present revealing insights on the regulation of viral phase
separation by melatonin. Investigations into how melatonin may be used to address
multiple symptoms associated with PASC are also of top priority. During evolution, all
living organisms have adapted to coexist with viruses with the assistance of melatonin. The
SARS-CoV-2 may eventually be well-tolerated by its human host, but perhaps not without
the active involvement of melatonin. Further elucidation on the full potential of melatonin
in the regulation of epitranscriptomic and transcriptomic modifications by the SARS-CoV-2
virus is, therefore, highly warranted.
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Abbreviations

4-HNE 4-hydroxynonenal
ALKBH5 alpha-ketoglutarate-dependent dioxygenase alkB homolog 5
Ca2+ calcium
CL cardiolipin
CNS central nervous system
DNA deoxyribonucleic acid
DMR differentially methylated region
EBOV Ebola virus
ER endoplasmic reticulum
FTO fat mass and obesity-associated protein
GSK glycogen synthase kinase
HPI hour post-infection
IB inclusion body
IBM inner boundary membrane
IDR intrinsically disordered region
IFN interferon
IMM inner mitochondrial membrane
I.P. intraperitoneal
ISG interferon-stimulated gene
ISR integrated stress response
JAK-STAT Janus kinase-signal transducers and activators of transcription
K+ potassium ion
LINE1, L1 long interspersed nuclear element 1
m6A N6-methyladenosine
METTL3 methyltransferase 3
METTL14 methyltransferase 14
mPTP mitochondrial permeability transition pore
mRNA messenger RNA
NLRP3 NLR pyrin domain containing 3
Nrf2 nuclear factor erythroid 2-related factor
Nsp1 nonstructural protein 1
PASC post-acute sequelae of COVID-19
PBMC peripheral blood mononuclear cells
PI post-infection
RdRp RNA-dependent RNA polymerase
RBP RNA-binding protein
RIRR ROS-induced ROS release
RNA ribonucleic acid
RNA-seq RNA sequencing
RNP ribonucleoprotein
ROS reactive oxygen species
RSV respiratory syncytial virus
RT reverse transcriptase
RTE retrotransposable element, retrotransposon
SG stress granule
S/R serine/arginine
TE transposable element
VSV vesicular stomatitis virus
YTHDF2 YTH-domain family 2
ZIKV Zika virus
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357. Berktaş, B.M.; Gökçek, A.; Hoca, N.T.; Koyuncu, A. COVID-19 Illness and Treatment Decrease Bone Mineral Density of Surviving

Hospitalized Patients. Eur. Rev. Med. Pharmacol. Sci. 2022, 26, 3046–3056. [CrossRef]
358. Mandala, V.S.; Loftis, A.R.; Shcherbakov, A.A.; Pentelute, B.L.; Hong, M. Atomic Structures of Closed and Open Influenza B M2

Proton Channel Reveal the Conduction Mechanism. Nat. Struct. Mol. Biol. 2020, 27, 160–167. [CrossRef]
359. Gargan, S.; Stevenson, N.J. Unravelling the Immunomodulatory Effects of Viral Ion Channels, towards the Treatment of Disease.

Viruses 2021, 13, 2165. [CrossRef]
360. Bohmwald, K.; Gálvez, N.M.S.; Andrade, C.A.; Mora, V.P.; Muñoz, J.T.; González, P.A.; Riedel, C.A.; Kalergis, A.M. Modulation of

Adaptive Immunity and Viral Infections by Ion Channels. Front. Physiol. 2021, 12, 736681. [CrossRef]
361. Feske, S.; Wulff, H.; Skolnik, E.Y. Ion Channels in Innate and Adaptive Immunity. Annu. Rev. Immunol. 2015, 33, 291–353.

[CrossRef]
362. Kaivola, J.; Nyman, T.A.; Matikainen, S. Inflammasomes and SARS-CoV-2 Infection. Viruses 2021, 13, 2513. [CrossRef]
363. Campbell, G.R.; To, R.K.; Hanna, J.; Spector, S.A. SARS-CoV-2, SARS-CoV-1, and HIV-1 Derived ssRNA Sequences Activate the

NLRP3 Inflammasome in Human Macrophages through a Non-Classical Pathway. iScience 2021, 24, 102295. [CrossRef]
364. Causton, H.C. SARS-CoV2 Infection and the Importance of Potassium Balance. Front. Med. 2021, 8, 744697. [CrossRef] [PubMed]
365. Xu, H.; Akinyemi, I.A.; Chitre, S.A.; Loeb, J.C.; Lednicky, J.A.; McIntosh, M.T.; Bhaduri-McIntosh, S. SARS-CoV-2 Viroporin

Encoded by ORF3a Triggers the NLRP3 Inflammatory Pathway. Virology 2022, 568, 13–22. [CrossRef] [PubMed]
366. Wang, J.; Zhang, K.; Goyal, P.; Grewer, C. Mechanism and Potential Sites of Potassium Interaction with Glutamate Transporters. J.

Gen. Physiol. 2020, 152, e202012577. [CrossRef] [PubMed]
367. Kozlov, A.G.; Cheng, X.; Zhang, H.; Shinn, M.K.; Weiland, E.; Nguyen, B.; Shkel, I.A.; Zytkiewicz, E.; Finkelstein, I.J.; Record,

M.T., Jr.; et al. How Glutamate Promotes Liquid-Liquid Phase Separation and DNA Binding Cooperativity of E. Coli SSB Protein.
J. Mol. Biol. 2022, 434, 167562. [CrossRef]

368. Rimmele, T.S.; Rocher, A.-B.; Wellbourne-Wood, J.; Chatton, J.-Y. Control of Glutamate Transport by Extracellular Potassium:
Basis for a Negative Feedback on Synaptic Transmission. Cereb. Cortex 2017, 27, 3272–3283. [CrossRef]

369. Bharadwaj, S.; Singh, M.; Kirtipal, N.; Kang, S.G. SARS-CoV-2 and Glutamine: SARS-CoV-2 Triggered Pathogenesis via Metabolic
Reprograming of Glutamine in Host Cells. Front. Mol. Biosci 2020, 7, 627842. [CrossRef]

370. Wang, J.; Yang, G.; Wang, X.; Wen, Z.; Shuai, L.; Luo, J.; Wang, C.; Sun, Z.; Liu, R.; Ge, J.; et al. SARS-CoV-2 Uses Metabotropic
Glutamate Receptor Subtype 2 as an Internalization Factor to Infect Cells. Cell Discov. 2021, 7, 119. [CrossRef]

371. Díaz-Resendiz, K.J.G.; Benitez-Trinidad, A.B.; Covantes-Rosales, C.E.; Toledo-Ibarra, G.A.; Ortiz-Lazareno, P.C.; Girón-Pérez,
D.A.; Bueno-Durán, A.Y.; Pérez-Díaz, D.A.; Barcelos-García, R.G.; Girón-Pérez, M.I. Loss of Mitochondrial Membrane Potential
(∆Ψm ) in Leucocytes as Post-COVID-19 Sequelae. J. Leukoc. Biol. 2022, 112, 23–29. [CrossRef]

372. Wong, R.S.M.; Wu, A.; To, K.F.; Lee, N.; Lam, C.W.K.; Wong, C.K.; Chan, P.K.S.; Ng, M.H.L.; Yu, L.M.; Hui, D.S.; et al.
Haematological Manifestations in Patients with Severe Acute Respiratory Syndrome: Retrospective Analysis. BMJ 2003, 326,
1358–1362. [CrossRef]

373. Zou, Z.-Y.; Ren, D.; Chen, R.-L.; Yu, B.-J.; Liu, Y.; Huang, J.-J.; Yang, Z.-J.; Zhou, Z.-P.; Feng, Y.-W.; Wu, M. Persistent Lymphopenia
after Diagnosis of COVID-19 Predicts Acute Respiratory Distress Syndrome: A Retrospective Cohort Study. Eur. J. Inflam. 2021,
19, 20587392211036825. [CrossRef]

374. Ghizlane, E.A.; Manal, M.; Abderrahim, E.K.; Abdelilah, E.; Mohammed, M.; Rajae, A.; Amine, B.M.; Houssam, B.; Naima, A.;
Brahim, H. Lymphopenia in Covid-19: A Single Center Retrospective Study of 589 Cases. Ann. Med. Surg. 2021, 69, 102816.
[CrossRef] [PubMed]

http://doi.org/10.1161/CIRCRESAHA.117.310083
http://doi.org/10.1523/JNEUROSCI.1059-16.2016
http://doi.org/10.1016/j.jacc.2022.03.357
http://doi.org/10.7861/clinmed.2020-0896
http://doi.org/10.1007/s00415-022-11172-1
http://doi.org/10.1007/s10286-021-00798-2
http://doi.org/10.3390/jcdd8110156
http://www.ncbi.nlm.nih.gov/pubmed/34821709
http://doi.org/10.3390/cells9010094
http://www.ncbi.nlm.nih.gov/pubmed/31905994
http://doi.org/10.1146/annurev-virology-100114-054846
http://www.ncbi.nlm.nih.gov/pubmed/26958925
http://doi.org/10.26355/eurrev_202204_28636
http://doi.org/10.1038/s41594-019-0371-2
http://doi.org/10.3390/v13112165
http://doi.org/10.3389/fphys.2021.736681
http://doi.org/10.1146/annurev-immunol-032414-112212
http://doi.org/10.3390/v13122513
http://doi.org/10.1016/j.isci.2021.102295
http://doi.org/10.3389/fmed.2021.744697
http://www.ncbi.nlm.nih.gov/pubmed/34778307
http://doi.org/10.1016/j.virol.2022.01.003
http://www.ncbi.nlm.nih.gov/pubmed/35066302
http://doi.org/10.1085/jgp.202012577
http://www.ncbi.nlm.nih.gov/pubmed/32835376
http://doi.org/10.1016/j.jmb.2022.167562
http://doi.org/10.1093/cercor/bhx078
http://doi.org/10.3389/fmolb.2020.627842
http://doi.org/10.1038/s41421-021-00357-z
http://doi.org/10.1002/JLB.3MA0322-279RRR
http://doi.org/10.1136/bmj.326.7403.1358
http://doi.org/10.1177/20587392211036825
http://doi.org/10.1016/j.amsu.2021.102816
http://www.ncbi.nlm.nih.gov/pubmed/34512964


Int. J. Mol. Sci. 2022, 23, 8122 56 of 75

375. Zheng, M.; Gao, Y.; Wang, G.; Song, G.; Liu, S.; Sun, D.; Xu, Y.; Tian, Z. Functional Exhaustion of Antiviral Lymphocytes in
COVID-19 Patients. Cell. Mol. Immunol. 2020, 17, 533–535. [CrossRef] [PubMed]

376. Zhao, Q.; Meng, M.; Kumar, R.; Wu, Y.; Huang, J.; Deng, Y.; Weng, Z.; Yang, L. Lymphopenia Is Associated with Severe
Coronavirus Disease 2019 (COVID-19) Infections: A Systemic Review and Meta-Analysis. Int. J. Infect. Dis. 2020, 96, 131–135.
[CrossRef] [PubMed]

377. Tan, L.; Wang, Q.; Zhang, D.; Ding, J.; Huang, Q.; Tang, Y.-Q.; Wang, Q.; Miao, H. Lymphopenia Predicts Disease Severity of
COVID-19: A Descriptive and Predictive Study. Signal Transduct. Target. Ther. 2020, 5, 33. [CrossRef]

378. Liu, J.; Li, S.; Liu, J.; Liang, B.; Wang, X.; Wang, H.; Li, W.; Tong, Q.; Yi, J.; Zhao, L.; et al. Longitudinal Characteristics of
Lymphocyte Responses and Cytokine Profiles in the Peripheral Blood of SARS-CoV-2 Infected Patients. EBioMedicine 2020, 55,
102763. [CrossRef]

379. Ledderose, C.; Bao, Y.; Lidicky, M.; Zipperle, J.; Li, L.; Strasser, K.; Shapiro, N.I.; Junger, W.G. Mitochondria Are Gate-Keepers of T
Cell Function by Producing the ATP That Drives Purinergic Signaling. J. Biol. Chem. 2014, 289, 25936–25945. [CrossRef]

380. Desdín-Micó, G.; Soto-Heredero, G.; Mittelbrunn, M. Mitochondrial Activity in T Cells. Mitochondrion 2018, 41, 51–57. [CrossRef]
381. Feske, S.; Giltnane, J.; Dolmetsch, R.; Staudt, L.M.; Rao, A. Gene Regulation Mediated by Calcium Signals in T Lymphocytes. Nat.

Immunol. 2001, 2, 316–324. [CrossRef]
382. Campello, S.; Lacalle, R.A.; Bettella, M.; Mañes, S.; Scorrano, L.; Viola, A. Orchestration of Lymphocyte Chemotaxis by Mitochon-

drial Dynamics. J. Exp. Med. 2006, 203, 2879–2886. [CrossRef]
383. Zhang, K.; Li, H.; Song, Z. Membrane Depolarization Activates the Mitochondrial Protease OMA1 by Stimulating Self-Cleavage.

EMBO Rep. 2014, 15, 576–585. [CrossRef]
384. Jahangir, A.; Ozcan, C.; Holmuhamedov, E.L.; Terzic, A. Increased Calcium Vulnerability of Senescent Cardiac Mitochondria:

Protective Role for a Mitochondrial Potassium Channel Opener. Mech. Ageing Dev. 2001, 122, 1073–1086. [CrossRef]
385. Glitsch, M.D.; Bakowski, D.; Parekh, A.B. Store-Operated Ca2+ Entry Depends on Mitochondrial Ca2+ Uptake. EMBO J. 2002, 21,

6744–6754. [CrossRef]
386. Santos, J.H.; Hunakova, L.U.; Chen, Y.; Bortner, C.; Van Houten, B. Cell Sorting Experiments Link Persistent Mitochondrial

DNA Damage with Loss of Mitochondrial Membrane Potential and Apoptotic Cell Death. J. Biol. Chem. 2003, 278, 1728–1734.
[CrossRef]

387. Hu, L.; Zhang, S.; Wen, H.; Liu, T.; Cai, J.; Du, D.; Zhu, D.; Chen, F.; Xia, C. Melatonin Decreases M1 Polarization via Attenuating
Mitochondrial Oxidative Damage Depending on UCP2 Pathway in Prorenin-Treated Microglia. PLoS ONE 2019, 14, e0212138.
[CrossRef] [PubMed]

388. Liu, Y.-J.; Ji, D.-M.; Liu, Z.-B.; Wang, T.-J.; Xie, F.-F.; Zhang, Z.-G.; Wei, Z.-L.; Zhou, P.; Cao, Y.-X. Melatonin Maintains Mitochondrial
Membrane Potential and Decreases Excessive Intracellular Ca2+ Levels in Immature Human Oocytes. Life Sci. 2019, 235, 116810.
[CrossRef] [PubMed]

389. Lançoni, R.; Celeghini, E.C.C.; Alves, M.B.R.; Lemes, K.M.; Gonella-Diaza, A.M.; Oliveira, L.Z.; de Arruda, R.P. Melatonin Added
to Cryopreservation Extenders Improves the Mitochondrial Membrane Potential of Postthawed Equine Sperm. J. Equine Vet. Sci.
2018, 69, 78–83. [CrossRef]

390. Kumari, S.; Dash, D. Melatonin Elevates Intracellular Free Calcium in Human Platelets by Inositol 1,4,5-Trisphosphate Indepen-
dent Mechanism. FEBS Lett. 2011, 585, 2345–2351. [CrossRef]

391. Pieri, C.; Recchioni, R.; Moroni, F.; Marcheselli, F.; Marra, M.; Marinoni, S.; Di Primio, R. Melatonin Regulates the Respiratory
Burst of Human Neutrophils and Their Depolarization. J. Pineal Res. 1998, 24, 43–49. [CrossRef]

392. Fischer, T.W.; Zmijewski, M.A.; Wortsman, J.; Slominski, A. Melatonin Maintains Mitochondrial Membrane Potential and
Attenuates Activation of Initiator (casp-9) and Effector Caspases (casp-3/casp-7) and PARP in UVR-Exposed HaCaT Keratinocytes.
J. Pineal Res. 2008, 44, 397–407. [CrossRef]

393. NavaneethaKrishnan, S.; Rosales, J.L.; Lee, K.-Y. mPTP Opening Caused by Cdk5 Loss Is due to Increased Mitochondrial Ca2+

Uptake. Oncogene 2020, 39, 2797–2806. [CrossRef]
394. Park, J.; Lee, J.; Choi, C. Mitochondrial Network Determines Intracellular ROS Dynamics and Sensitivity to Oxidative Stress

through Switching Inter-Mitochondrial Messengers. PLoS ONE 2011, 6, e23211. [CrossRef] [PubMed]
395. Niki, E. Lipid Peroxidation: Physiological Levels and Dual Biological Effects. Free Radic. Biol. Med. 2009, 47, 469–484. [CrossRef]

[PubMed]
396. Ayala, A.; Muñoz, M.F.; Argüelles, S. Lipid Peroxidation: Production, Metabolism, and Signaling Mechanisms of Malondialdehyde

and 4-Hydroxy-2-Nonenal. Oxid. Med. Cell. Longev. 2014, 2014, 360438. [CrossRef] [PubMed]
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509. Tőzsér, J.; Benkő, S. Natural Compounds as Regulators of NLRP3 Inflammasome-Mediated IL-1β Production. Mediat. Inflamm.
2016, 2016, 5460302. [CrossRef]

510. Yang, D.; Elner, S.G.; Bian, Z.-M.; Till, G.O.; Petty, H.R.; Elner, V.M. Pro-Inflammatory Cytokines Increase Reactive Oxygen Species
through Mitochondria and NADPH Oxidase in Cultured RPE Cells. Exp. Eye Res. 2007, 85, 462–472. [CrossRef]

511. Yoo, H.G.; Shin, B.A.; Park, J.S.; Lee, K.H.; Chay, K.O.; Yang, S.Y.; Ahn, B.W.; Jung, Y.D. IL-1beta Induces MMP-9 via Reactive
Oxygen Species and NF-kappaB in Murine Macrophage RAW 264.7 Cells. Biochem. Biophys. Res. Commun. 2002, 298, 251–256.
[CrossRef]

512. Ratajczak, M.Z.; Kucia, M. SARS-CoV-2 Infection and Overactivation of Nlrp3 Inflammasome as a Trigger of Cytokine “Storm”
and Risk Factor for Damage of Hematopoietic Stem Cells. Leukemia 2020, 34, 1726–1729. [CrossRef]

513. Somasekharan, S.P.; Gleave, M. SARS-CoV-2 Nucleocapsid Protein Interacts with Immunoregulators and Stress Granules and
Phase Separates to Form Liquid Droplets. FEBS Lett. 2021, 595, 2872–2896. [CrossRef]

514. Park, S.H.; Lee, S.G.; Kim, Y.; Song, K. Assignment of a Human Putative RNA Helicase Gene, DDX3, to Human X Chromosome
Bands p11.3–>p11.23. Cytogenet. Cell Genet. 1998, 81, 178–179. [CrossRef]

515. Vesuna, F.; Akhrymuk, I.; Smith, A.; Winnard, P.T.; Lin, S.-C.; Scharpf, R.; Kehn-Hall, K.; Raman, V. RK-33, a Small Molecule
Inhibitor of Host RNA Helicase DDX3, Suppresses Multiple Variants of SARS-CoV-2. bioRxiv 2022. [CrossRef]

516. Kumar, R.; Singh, N.; Abdin, M.Z.; Patel, A.H.; Medigeshi, G.R. Dengue Virus Capsid Interacts with DDX3X-A Potential
Mechanism for Suppression of Antiviral Functions in Dengue Infection. Front. Cell. Infect. Microbiol. 2017, 7, 542. [CrossRef]
[PubMed]

517. Brai, A.; Riva, V.; Saladini, F.; Zamperini, C.; Trivisani, C.I.; Garbelli, A.; Pennisi, C.; Giannini, A.; Boccuto, A.; Bugli, F.; et al.
DDX3X Inhibitors, an Effective Way to Overcome HIV-1 Resistance Targeting Host Proteins. Eur. J. Med. Chem. 2020, 200, 112319.
[CrossRef] [PubMed]

518. Yedavalli, V.S.R.K.; Neuveut, C.; Chi, Y.-H.; Kleiman, L.; Jeang, K.-T. Requirement of DDX3 DEAD Box RNA Helicase for HIV-1
Rev-RRE Export Function. Cell 2004, 119, 381–392. [CrossRef] [PubMed]

519. Pène, V.; Li, Q.; Sodroski, C.; Hsu, C.-S.; Liang, T.J. Dynamic Interaction of Stress Granules, DDX3X, and IKK-α Mediates Multiple
Functions in Hepatitis C Virus Infection. J. Virol. 2015, 89, 5462–5477. [CrossRef]

520. Nelson, C.; Mrozowich, T.; Gemmill, D.L.; Park, S.M.; Patel, T.R. Human DDX3X Unwinds Japanese Encephalitis and Zika Viral
5′ Terminal Regions. Int. J. Mol. Sci. 2021, 22, 413. [CrossRef]

521. Winnard, P.T., Jr.; Vesuna, F.; Raman, V. Targeting Host DEAD-Box RNA Helicase DDX3X for Treating Viral Infections. Antivir.
Res. 2021, 185, 104994. [CrossRef]

522. Saito, M.; Iestamantavicius, V.; Hess, D.; Matthias, P. Monitoring Acetylation of the RNA Helicase DDX3X, a Protein Critical for
Formation of Stress Granules. In RNA Remodeling Proteins: Methods and Protocols; Boudvillain, M., Ed.; Springer: New York, NY,
USA, 2021; pp. 217–234. [CrossRef]

523. Samir, P.; Kesavardhana, S.; Patmore, D.M.; Gingras, S.; Malireddi, R.K.S.; Karki, R.; Guy, C.S.; Briard, B.; Place, D.E.; Bhattacharya,
A.; et al. DDX3X Acts as a Live-or-Die Checkpoint in Stressed Cells by Regulating NLRP3 Inflammasome. Nature 2019, 573,
590–594. [CrossRef]

524. Cui, B.C.; Sikirzhytski, V.; Aksenova, M.; Lucius, M.D.; Levon, G.H.; Mack, Z.T.; Pollack, C.; Odhiambo, D.; Broude, E.; Lizarraga,
S.B.; et al. Pharmacological Inhibition of DEAD-Box RNA Helicase 3 Attenuates Stress Granule Assembly. Biochem. Pharmacol.
2020, 182, 114280. [CrossRef]

525. Lage, S.L.; Amaral, E.P.; Hilligan, K.L.; Laidlaw, E.; Rupert, A.; Namasivayan, S.; Rocco, J.; Galindo, F.; Kellogg, A.; Kumar, P.;
et al. Persistent Oxidative Stress and Inflammasome Activation in CD14highCD16- Monocytes From COVID-19 Patients. Front.
Immunol. 2021, 12, 799558. [CrossRef]

526. Mishra, S.R.; Mahapatra, K.K.; Behera, B.P.; Patra, S.; Bhol, C.S.; Panigrahi, D.P.; Praharaj, P.P.; Singh, A.; Patil, S.; Dhiman, R.; et al.
Mitochondrial Dysfunction as a Driver of NLRP3 Inflammasome Activation and Its Modulation through Mitophagy for Potential
Therapeutics. Int. J. Biochem. Cell Biol. 2021, 136, 106013. [CrossRef]

527. Favero, G.; Franceschetti, L.; Bonomini, F.; Rodella, L.F.; Rezzani, R. Melatonin as an Anti-Inflammatory Agent Modulating
Inflammasome Activation. Int. J. Endocrinol. 2017, 2017, 1835195. [CrossRef] [PubMed]

528. Zhang, Y.; Li, X.; Grailer, J.J.; Wang, N.; Wang, M.; Yao, J.; Zhong, R.; Gao, G.F.; Ward, P.A.; Tan, D.-X.; et al. Melatonin Alleviates
Acute Lung Injury through Inhibiting the NLRP3 Inflammasome. J. Pineal Res. 2016, 60, 405–414. [CrossRef]

http://doi.org/10.3389/fimmu.2020.01518
http://doi.org/10.1016/j.ebiom.2021.103803
http://doi.org/10.1016/j.cytogfr.2021.06.002
http://www.ncbi.nlm.nih.gov/pubmed/34183243
http://doi.org/10.1089/ars.2014.5994
http://www.ncbi.nlm.nih.gov/pubmed/25330206
http://doi.org/10.1016/j.ejim.2010.03.005
http://www.ncbi.nlm.nih.gov/pubmed/20493414
http://doi.org/10.1155/2016/5460302
http://doi.org/10.1016/j.exer.2007.06.013
http://doi.org/10.1016/S0006-291X(02)02431-2
http://doi.org/10.1038/s41375-020-0887-9
http://doi.org/10.1002/1873-3468.14229
http://doi.org/10.1159/000015022
http://doi.org/10.1101/2022.02.28.482334
http://doi.org/10.3389/fcimb.2017.00542
http://www.ncbi.nlm.nih.gov/pubmed/29387631
http://doi.org/10.1016/j.ejmech.2020.112319
http://www.ncbi.nlm.nih.gov/pubmed/32446036
http://doi.org/10.1016/j.cell.2004.09.029
http://www.ncbi.nlm.nih.gov/pubmed/15507209
http://doi.org/10.1128/JVI.03197-14
http://doi.org/10.3390/ijms22010413
http://doi.org/10.1016/j.antiviral.2020.104994
http://doi.org/10.1007/978-1-0716-0935-4_14
http://doi.org/10.1038/s41586-019-1551-2
http://doi.org/10.1016/j.bcp.2020.114280
http://doi.org/10.3389/fimmu.2021.799558
http://doi.org/10.1016/j.biocel.2021.106013
http://doi.org/10.1155/2017/1835195
http://www.ncbi.nlm.nih.gov/pubmed/29104591
http://doi.org/10.1111/jpi.12322


Int. J. Mol. Sci. 2022, 23, 8122 62 of 75

529. Ma, S.; Chen, J.; Feng, J.; Zhang, R.; Fan, M.; Han, D.; Li, X.; Li, C.; Ren, J.; Wang, Y.; et al. Melatonin Ameliorates the Progression
of Atherosclerosis via Mitophagy Activation and NLRP3 Inflammasome Inhibition. Oxid. Med. Cell. Longev. 2018, 2018, 9286458.
[CrossRef] [PubMed]

530. Squeglia, F.; Romano, M.; Ruggiero, A.; Maga, G.; Berisio, R. Host DDX Helicases as Possible SARS-CoV-2 Proviral Factors: A
Structural Overview of Their Hijacking Through Multiple Viral Proteins. Front. Chem. 2020, 8, 602162. [CrossRef] [PubMed]

531. Ciccosanti, F.; Di Rienzo, M.; Romagnoli, A.; Colavita, F.; Refolo, G.; Castilletti, C.; Agrati, C.; Brai, A.; Manetti, F.; Botta, L.; et al.
Proteomic Analysis Identifies the RNA Helicase DDX3X as a Host Target against SARS-CoV-2 Infection. Antivir. Res. 2021, 190,
105064. [CrossRef]

532. Hernández-Díaz, T.; Valiente-Echeverría, F.; Soto-Rifo, R. RNA Helicase DDX3: A Double-Edged Sword for Viral Replication and
Immune Signaling. Microorganisms 2021, 9, 1206. [CrossRef] [PubMed]

533. Valiente-Echeverría, F.; Hermoso, M.A.; Soto-Rifo, R. RNA Helicase DDX3: At the Crossroad of Viral Replication and Antiviral
Immunity. Rev. Med. Virol. 2015, 25, 286–299. [CrossRef]

534. Riva, V.; Maga, G. From the Magic Bullet to the Magic Target: Exploiting the Diverse Roles of DDX3X in Viral Infections and
Tumorigenesis. Future Med. Chem. 2019, 11, 1357–1381. [CrossRef]

535. Wang, W.; Jia, M.; Zhao, C.; Yu, Z.; Song, H.; Qin, Y.; Zhao, W. RNF39 Mediates K48-Linked Ubiquitination of DDX3X and Inhibits
RLR-Dependent Antiviral Immunity. Sci. Adv. 2021, 7, eabe5877. [CrossRef]

536. Soulat, D.; Bürckstümmer, T.; Westermayer, S.; Goncalves, A.; Bauch, A.; Stefanovic, A.; Hantschel, O.; Bennett, K.L.; Decker, T.;
Superti-Furga, G. The DEAD-Box Helicase DDX3X Is a Critical Component of the TANK-Binding Kinase 1-Dependent Innate
Immune Response. EMBO J. 2008, 27, 2135–2146. [CrossRef]

537. Oshiumi, H.; Sakai, K.; Matsumoto, M.; Seya, T. DEAD/H BOX 3 (DDX3) Helicase Binds the RIG-I Adaptor IPS-1 to up-Regulate
IFN-Beta-Inducing Potential. Eur. J. Immunol. 2010, 40, 940–948. [CrossRef] [PubMed]

538. Oshiumi, H.; Kouwaki, T.; Seya, T. Accessory Factors of Cytoplasmic Viral RNA Sensors Required for Antiviral Innate Immune
Response. Front. Immunol. 2016, 7, 200. [CrossRef] [PubMed]

539. Wang, S.; Dai, T.; Qin, Z.; Pan, T.; Chu, F.; Lou, L.; Zhang, L.; Yang, B.; Huang, H.; Lu, H.; et al. Targeting Liquid-Liquid Phase
Separation of SARS-CoV-2 Nucleocapsid Protein Promotes Innate Antiviral Immunity by Elevating MAVS Activity. Nat. Cell Biol.
2021, 23, 718–732. [CrossRef]

540. Hou, F.; Sun, L.; Zheng, H.; Skaug, B.; Jiang, Q.-X.; Chen, Z.J. MAVS Forms Functional Prion-like Aggregates to Activate and
Propagate Antiviral Innate Immune Response. Cell 2011, 146, 448–461. [CrossRef]

541. Protter, D.S.W.; Parker, R. Principles and Properties of Stress Granules. Trends Cell Biol. 2016, 26, 668–679. [CrossRef] [PubMed]
542. Parker, F.; Maurier, F.; Delumeau, I.; Duchesne, M.; Faucher, D.; Debussche, L.; Dugue, A.; Schweighoffer, F.; Tocque, B. A

Ras-GTPase-Activating Protein SH3-Domain-Binding Protein. Mol. Cell. Biol. 1996, 16, 2561–2569. [CrossRef] [PubMed]
543. Yang, P.; Mathieu, C.; Kolaitis, R.-M.; Zhang, P.; Messing, J.; Yurtsever, U.; Yang, Z.; Wu, J.; Li, Y.; Pan, Q.; et al. G3BP1 Is a Tunable

Switch That Triggers Phase Separation to Assemble Stress Granules. Cell 2020, 181, 325–345.e28. [CrossRef] [PubMed]
544. Deater, M.; Tamhankar, M.; Lloyd, R.E. TDRD3 Is an Antiviral Restriction Factor That Promotes IFN Signaling with G3BP1. PLoS

Pathog. 2022, 18, e1010249. [CrossRef]
545. Yang, W.; Ru, Y.; Ren, J.; Bai, J.; Wei, J.; Fu, S.; Liu, X.; Li, D.; Zheng, H. G3BP1 Inhibits RNA Virus Replication by Positively

Regulating RIG-I-Mediated Cellular Antiviral Response. Cell Death Dis. 2019, 10, 946. [CrossRef]
546. Biswal, M.; Lu, J.; Song, J. SARS-CoV-2 Nucleocapsid Protein Targets a Conserved Surface Groove of the NTF2-like Domain of

G3BP1. J. Mol. Biol. 2022, 434, 167516. [CrossRef]
547. Wang, J.; Shi, C.; Xu, Q.; Yin, H. SARS-CoV-2 Nucleocapsid Protein Undergoes Liquid-Liquid Phase Separation into Stress

Granules through Its N-Terminal Intrinsically Disordered Region. Cell Discov. 2021, 7, 5. [CrossRef] [PubMed]
548. Lu, S.; Deng, R.; Jiang, H.; Song, H.; Li, S.; Shen, Q.; Huang, W.; Nussinov, R.; Yu, J.; Zhang, J. The Mechanism of ATP-Dependent

Allosteric Protection of Akt Kinase Phosphorylation. Structure 2015, 23, 1725–1734. [CrossRef] [PubMed]
549. Carlson, C.R.; Asfaha, J.B.; Ghent, C.M.; Howard, C.J.; Hartooni, N.; Safari, M.; Frankel, A.D.; Morgan, D.O. Phosphoregulation

of Phase Separation by the SARS-CoV-2 N Protein Suggests a Biophysical Basis for Its Dual Functions. Mol. Cell 2020, 80,
1092–1103.e4. [CrossRef] [PubMed]

550. Lier, C.; Becker, S.; Biedenkopf, N. Dynamic Phosphorylation of Ebola Virus VP30 in NP-Induced Inclusion Bodies. Virology 2017,
512, 39–47. [CrossRef]

551. Mühlberger, E.; Weik, M.; Volchkov, V.E.; Klenk, H.D.; Becker, S. Comparison of the Transcription and Replication Strategies of
Marburg Virus and Ebola Virus by Using Artificial Replication Systems. J. Virol. 1999, 73, 2333–2342. [CrossRef]

552. Nikolakaki, E.; Giannakouros, T. SR/RS Motifs as Critical Determinants of Coronavirus Life Cycle. Front. Mol. Biosci. 2020, 7, 219.
[CrossRef]

553. Zúñiga, S.; Cruz, J.L.G.; Sola, I.; Mateos-Gómez, P.A.; Palacio, L.; Enjuanes, L. Coronavirus Nucleocapsid Protein Facilitates
Template Switching and Is Required for Efficient Transcription. J. Virol. 2010, 84, 2169–2175. [CrossRef]

554. Kaidanovich-Beilin, O.; Woodgett, J.R. GSK-3: Functional Insights from Cell Biology and Animal Models. Front. Mol. Neurosci.
2011, 4, 40. [CrossRef]

555. Hughes, K.; Nikolakaki, E.; Plyte, S.E.; Totty, N.F.; Woodgett, J.R. Modulation of the Glycogen Synthase Kinase-3 Family by
Tyrosine Phosphorylation. EMBO J. 1993, 12, 803–808. [CrossRef]

http://doi.org/10.1155/2018/9286458
http://www.ncbi.nlm.nih.gov/pubmed/30254716
http://doi.org/10.3389/fchem.2020.602162
http://www.ncbi.nlm.nih.gov/pubmed/33381492
http://doi.org/10.1016/j.antiviral.2021.105064
http://doi.org/10.3390/microorganisms9061206
http://www.ncbi.nlm.nih.gov/pubmed/34204859
http://doi.org/10.1002/rmv.1845
http://doi.org/10.4155/fmc-2018-0451
http://doi.org/10.1126/sciadv.abe5877
http://doi.org/10.1038/emboj.2008.126
http://doi.org/10.1002/eji.200940203
http://www.ncbi.nlm.nih.gov/pubmed/20127681
http://doi.org/10.3389/fimmu.2016.00200
http://www.ncbi.nlm.nih.gov/pubmed/27252702
http://doi.org/10.1038/s41556-021-00710-0
http://doi.org/10.1016/j.cell.2011.06.041
http://doi.org/10.1016/j.tcb.2016.05.004
http://www.ncbi.nlm.nih.gov/pubmed/27289443
http://doi.org/10.1128/MCB.16.6.2561
http://www.ncbi.nlm.nih.gov/pubmed/8649363
http://doi.org/10.1016/j.cell.2020.03.046
http://www.ncbi.nlm.nih.gov/pubmed/32302571
http://doi.org/10.1371/journal.ppat.1010249
http://doi.org/10.1038/s41419-019-2178-9
http://doi.org/10.1016/j.jmb.2022.167516
http://doi.org/10.1038/s41421-020-00240-3
http://www.ncbi.nlm.nih.gov/pubmed/33479219
http://doi.org/10.1016/j.str.2015.06.027
http://www.ncbi.nlm.nih.gov/pubmed/26256536
http://doi.org/10.1016/j.molcel.2020.11.025
http://www.ncbi.nlm.nih.gov/pubmed/33248025
http://doi.org/10.1016/j.virol.2017.09.006
http://doi.org/10.1128/JVI.73.3.2333-2342.1999
http://doi.org/10.3389/fmolb.2020.00219
http://doi.org/10.1128/JVI.02011-09
http://doi.org/10.3389/fnmol.2011.00040
http://doi.org/10.1002/j.1460-2075.1993.tb05715.x


Int. J. Mol. Sci. 2022, 23, 8122 63 of 75

556. Lochhead, P.A.; Kinstrie, R.; Sibbet, G.; Rawjee, T.; Morrice, N.; Cleghon, V. A Chaperone-Dependent GSK3beta Transitional
Intermediate Mediates Activation-Loop Autophosphorylation. Mol. Cell 2006, 24, 627–633. [CrossRef]

557. Sutherland, C.; Cohen, P. The Alpha-Isoform of Glycogen Synthase Kinase-3 from Rabbit Skeletal Muscle Is Inactivated by p70 S6
Kinase or MAP Kinase-Activated Protein Kinase-1 in Vitro. FEBS Lett. 1994, 338, 37–42. [CrossRef]

558. Sutherland, C.; Leighton, I.A.; Cohen, P. Inactivation of Glycogen Synthase Kinase-3 Beta by Phosphorylation: New Kinase
Connections in Insulin and Growth-Factor Signalling. Biochem. J. 1993, 296 Pt 1, 15–19. [CrossRef] [PubMed]

559. Sarhan, M.A.; Abdel-Hakeem, M.S.; Mason, A.L.; Tyrrell, D.L.; Houghton, M. Glycogen Synthase Kinase 3β Inhibitors Prevent
Hepatitis C Virus Release/assembly through Perturbation of Lipid Metabolism. Sci. Rep. 2017, 7, 2495. [CrossRef] [PubMed]

560. Cuartas-López, A.M.; Gallego-Gómez, J.C. Glycogen Synthase Kinase 3ß Participates in Late Stages of Dengue Virus-2 Infection.
Mem. Inst. Oswaldo Cruz 2020, 115, e190357. [CrossRef]

561. Guendel, I.; Iordanskiy, S.; Van Duyne, R.; Kehn-Hall, K.; Saifuddin, M.; Das, R.; Jaworski, E.; Sampey, G.C.; Senina, S.; Shultz, L.;
et al. Novel Neuroprotective GSK-3β Inhibitor Restricts Tat-Mediated HIV-1 Replication. J. Virol. 2014, 88, 1189–1208. [CrossRef]

562. Marineau, A.; Khan, K.A.; Servant, M.J. Roles of GSK-3 and β-Catenin in Antiviral Innate Immune Sensing of Nucleic Acids. Cells
2020, 9, 897. [CrossRef]

563. Alfhili, M.A.; Alsughayyir, J.; McCubrey, J.A.; Akula, S.M. GSK-3-Associated Signaling Is Crucial to Virus Infection of Cells.
Biochim. Biophys. Acta Mol. Cell Res. 2020, 1867, 118767. [CrossRef]

564. Yun, J.S.; Kim, N.H.; Song, H.; Cha, S.Y.; Hwang, K.H.; Lee, J.E.; Jeong, C.-H.; Song, S.H.; Kim, S.; Cho, E.S.; et al. Emergence of
Glycogen Synthase Kinase-3 Interaction Domain Enhances Phosphorylation of SARS-CoV-2 Nucleocapsid Protein. bioRxiv 2022.
[CrossRef]

565. Kim, J.-M.; Rhee, J.E.; Yoo, M.; Kim, H.M.; Lee, N.-J.; Woo, S.H.; Jo, H.-J.; Kwon, D.; Lee, S.; Yoo, C.K.; et al. Increase in Viral Load
in Patients With SARS-CoV-2 Delta Variant Infection in the Republic of Korea. Front. Microbiol. 2022, 13, 819745. [CrossRef]

566. Butt, A.A.; Dargham, S.R.; Chemaitelly, H.; Al Khal, A.; Tang, P.; Hasan, M.R.; Coyle, P.V.; Thomas, A.G.; Borham, A.M.;
Concepcion, E.G.; et al. Severity of Illness in Persons Infected With the SARS-CoV-2 Delta Variant vs Beta Variant in Qatar. JAMA
Intern. Med. 2022, 182, 197–205. [CrossRef]

567. Twohig, K.A.; Nyberg, T.; Zaidi, A.; Thelwall, S.; Sinnathamby, M.A.; Aliabadi, S.; Seaman, S.R.; Harris, R.J.; Hope, R.; Lopez-
Bernal, J.; et al. Hospital Admission and Emergency Care Attendance Risk for SARS-CoV-2 Delta (B.1.617.2) Compared with
Alpha (B.1.1.7) Variants of Concern: A Cohort Study. Lancet Infect. Dis. 2022, 22, 35–42. [CrossRef]

568. Rudd, C.E. GSK-3 Inhibition as a Therapeutic Approach Against SARs CoV2: Dual Benefit of Inhibiting Viral Replication While
Potentiating the Immune Response. Front. Immunol. 2020, 11, 1638. [CrossRef] [PubMed]

569. Liu, X.; Verma, A.; Garcia, G.; Ramage, H.; Myers, R.L.; Lucas, A.; Michaelson, J.J.; Coryell, W.; Kumar, A.; Charney, A.W.; et al.
Targeting the Coronavirus Nucleocapsid Protein through GSK-3 Inhibition. Proc. Natl. Acad. Sci. USA 2021, 118, e2113401118.
[CrossRef] [PubMed]

570. Shapira, T.; Rens, C.; Pichler, V.; Rees, W.; Steiner, T.; Jean, F.; Winkler, D.; Sarai, I.; Pelech, S.; Av-Gay, Y. Inhibition of Glycogen
Synthase Kinase-3-Beta (GSK3β) Blocks Nucleocapsid Phosphorylation and SARS-CoV-2 Replication. Res. Sq. 2022. [CrossRef]

571. Jope, R.S.; Yuskaitis, C.J.; Beurel, E. Glycogen Synthase Kinase-3 (GSK3): Inflammation, Diseases, and Therapeutics. Neurochem.
Res. 2007, 32, 577–595. [CrossRef]

572. Dugo, L.; Collin, M.; Allen, D.A.; Patel, N.S.A.; Bauer, I.; Mervaala, E.M.A.; Louhelainen, M.; Foster, S.J.; Yaqoob, M.M.;
Thiemermann, C. GSK-3beta Inhibitors Attenuate the Organ Injury/dysfunction Caused by Endotoxemia in the Rat. Crit. Care
Med. 2005, 33, 1903–1912. [CrossRef]

573. Hoeflich, K.P.; Luo, J.; Rubie, E.A.; Tsao, M.S.; Jin, O.; Woodgett, J.R. Requirement for Glycogen Synthase Kinase-3beta in Cell
Survival and NF-kappaB Activation. Nature 2000, 406, 86–90. [CrossRef]

574. Chen, X.; Liu, Y.; Zhu, J.; Lei, S.; Dong, Y.; Li, L.; Jiang, B.; Tan, L.; Wu, J.; Yu, S.; et al. GSK-3β Downregulates Nrf2 in Cultured
Cortical Neurons and in a Rat Model of Cerebral Ischemia-Reperfusion. Sci. Rep. 2016, 6, 20196. [CrossRef]

575. Lu, M.; Wang, P.; Qiao, Y.; Jiang, C.; Ge, Y.; Flickinger, B.; Malhotra, D.K.; Dworkin, L.D.; Liu, Z.; Gong, R. GSK3β-Mediated
Keap1-Independent Regulation of Nrf2 Antioxidant Response: A Molecular Rheostat of Acute Kidney Injury to Chronic Kidney
Disease Transition. Redox Biol. 2019, 26, 101275. [CrossRef]

576. Culbreth, M.; Aschner, M. GSK-3β, a Double-Edged Sword in Nrf2 Regulation: Implications for Neurological Dysfunction and
Disease. F1000Research 2018, 7, 1043. [CrossRef]

577. Zhang, S.; Xin, F.; Zhang, X. The Compound Packaged in Virions Is the Key to Trigger Host Glycolysis Machinery for Virus Life
Cycle in the Cytoplasm. iScience 2021, 24, 101915. [CrossRef] [PubMed]

578. Hilliker, A. Analysis of RNA Helicases in P-Bodies and Stress Granules. Methods Enzymol. 2012, 511, 323–346. [CrossRef]
[PubMed]

579. de Nadal, E.; Ammerer, G.; Posas, F. Controlling Gene Expression in Response to Stress. Nat. Rev. Genet. 2011, 12, 833–845.
[CrossRef] [PubMed]

580. López-Maury, L.; Marguerat, S.; Bähler, J. Tuning Gene Expression to Changing Environments: From Rapid Responses to
Evolutionary Adaptation. Nat. Rev. Genet. 2008, 9, 583–593. [CrossRef] [PubMed]

581. Kedersha, N.; Anderson, P. Regulation of Translation by Stress Granules and Processing Bodies. Prog. Mol. Biol. Transl. Sci. 2009,
90, 155–185. [CrossRef] [PubMed]

http://doi.org/10.1016/j.molcel.2006.10.009
http://doi.org/10.1016/0014-5793(94)80112-6
http://doi.org/10.1042/bj2960015
http://www.ncbi.nlm.nih.gov/pubmed/8250835
http://doi.org/10.1038/s41598-017-02648-6
http://www.ncbi.nlm.nih.gov/pubmed/28566716
http://doi.org/10.1590/0074-02760190357
http://doi.org/10.1128/JVI.01940-13
http://doi.org/10.3390/cells9040897
http://doi.org/10.1016/j.bbamcr.2020.118767
http://doi.org/10.1101/2022.01.24.477037
http://doi.org/10.3389/fmicb.2022.819745
http://doi.org/10.1001/jamainternmed.2021.7949
http://doi.org/10.1016/S1473-3099(21)00475-8
http://doi.org/10.3389/fimmu.2020.01638
http://www.ncbi.nlm.nih.gov/pubmed/32695123
http://doi.org/10.1073/pnas.2113401118
http://www.ncbi.nlm.nih.gov/pubmed/34593624
http://doi.org/10.21203/rs.3.rs-1197371/v1
http://doi.org/10.1007/s11064-006-9128-5
http://doi.org/10.1097/01.CCM.0000178350.21839.44
http://doi.org/10.1038/35017574
http://doi.org/10.1038/srep20196
http://doi.org/10.1016/j.redox.2019.101275
http://doi.org/10.12688/f1000research.15239.1
http://doi.org/10.1016/j.isci.2020.101915
http://www.ncbi.nlm.nih.gov/pubmed/33385116
http://doi.org/10.1016/B978-0-12-396546-2.00015-2
http://www.ncbi.nlm.nih.gov/pubmed/22713327
http://doi.org/10.1038/nrg3055
http://www.ncbi.nlm.nih.gov/pubmed/22048664
http://doi.org/10.1038/nrg2398
http://www.ncbi.nlm.nih.gov/pubmed/18591982
http://doi.org/10.1016/S1877-1173(09)90004-7
http://www.ncbi.nlm.nih.gov/pubmed/20374741


Int. J. Mol. Sci. 2022, 23, 8122 64 of 75

582. Montpetit, B.; Thomsen, N.D.; Helmke, K.J.; Seeliger, M.A.; Berger, J.M.; Weis, K. A Conserved Mechanism of DEAD-Box ATPase
Activation by Nucleoporins and InsP6 in mRNA Export. Nature 2011, 472, 238–242. [CrossRef]

583. Gray, S.; Cao, W.; Montpetit, B.; De La Cruz, E.M. The Nucleoporin Gle1 Activates DEAD-Box Protein 5 (Dbp5) by Promoting
ATP Binding and Accelerating Rate Limiting Phosphate Release. Nucleic Acids Res. 2022, 50, 3998–4011. [CrossRef]

584. Weirich, C.S.; Erzberger, J.P.; Flick, J.S.; Berger, J.M.; Thorner, J.; Weis, K. Activation of the DExD/H-Box Protein Dbp5 by the
Nuclear-Pore Protein Gle1 and Its Coactivator InsP6 Is Required for mRNA Export. Nat. Cell Biol. 2006, 8, 668–676. [CrossRef]

585. Aryanpur, P.P.; Regan, C.A.; Collins, J.M.; Mittelmeier, T.M.; Renner, D.M.; Vergara, A.M.; Brown, N.P.; Bolger, T.A. Gle1 Regulates
RNA Binding of the DEAD-Box Helicase Ded1 in Its Complex Role in Translation Initiation. Mol. Cell. Biol. 2017, 37. [CrossRef]

586. Glass, L.; Wente, S.R. Gle1 Mediates Stress Granule-Dependent Survival during Chemotoxic Stress. Adv. Biol. Regul. 2019, 71,
156–171. [CrossRef]

587. Lin, D.H.; Correia, A.R.; Cai, S.W.; Huber, F.M.; Jette, C.A.; Hoelz, A. Structural and Functional Analysis of mRNA Export
Regulation by the Nuclear Pore Complex. Nat. Commun. 2018, 9, 2319. [CrossRef] [PubMed]

588. Aditi; Folkmann, A.W.; Wente, S.R. Cytoplasmic hGle1A Regulates Stress Granules by Modulation of Translation. Mol. Biol. Cell
2015, 26, 1476–1490. [CrossRef] [PubMed]

589. Aditi; Mason, A.C.; Sharma, M.; Dawson, T.R.; Wente, S.R. MAPK- and Glycogen Synthase Kinase 3-Mediated Phosphorylation
Regulates the DEAD-Box Protein Modulator Gle1 for Control of Stress Granule Dynamics. J. Biol. Chem. 2019, 294, 559–575.
[CrossRef] [PubMed]

590. Chang, L.; Karin, M. Mammalian MAP Kinase Signalling Cascades. Nature 2001, 410, 37–40. [CrossRef]
591. Johnson, G.L.; Lapadat, R. Mitogen-Activated Protein Kinase Pathways Mediated by ERK, JNK, and p38 Protein Kinases. Science

2002, 298, 1911–1912. [CrossRef]
592. Liu, L.; Xu, Y.; Reiter, R.J.; Pan, Y.; Chen, D.; Liu, Y.; Pu, X.; Jiang, L.; Li, Z. Inhibition of ERK1/2 Signaling Pathway Is Involved in

Melatonin’s Antiproliferative Effect on Human MG-63 Osteosarcoma Cells. Cell. Physiol. Biochem. 2016, 39, 2297–2307. [CrossRef]
593. Shin, I.-S.; Park, J.-W.; Shin, N.-R.; Jeon, C.-M.; Kwon, O.-K.; Lee, M.-Y.; Kim, H.-S.; Kim, J.-C.; Oh, S.-R.; Ahn, K.-S. Melatonin

Inhibits MUC5AC Production via Suppression of MAPK Signaling in Human Airway Epithelial Cells. J. Pineal Res. 2014, 56,
398–407. [CrossRef]

594. Esposito, E.; Genovese, T.; Caminiti, R.; Bramanti, P.; Meli, R.; Cuzzocrea, S. Melatonin Reduces Stress-Activated/mitogen-
Activated Protein Kinases in Spinal Cord Injury. J. Pineal Res. 2009, 46, 79–86. [CrossRef]

595. Das, R.; Balmik, A.A.; Chinnathambi, S. Melatonin Reduces GSK3β-Mediated Tau Phosphorylation, Enhances Nrf2 Nuclear
Translocation and Anti-Inflammation. ASN Neuro 2020, 12, 1759091420981204. [CrossRef]

596. Rhee, Y.-H.; Ahn, J.-C. Melatonin Attenuated Adipogenesis through Reduction of the CCAAT/enhancer Binding Protein Beta by
Regulating the Glycogen Synthase 3 Beta in Human Mesenchymal Stem Cells. J. Physiol. Biochem. 2016, 72, 145–155. [CrossRef]

597. Park, K.-H.; Kang, J.W.; Lee, E.-M.; Kim, J.S.; Rhee, Y.H.; Kim, M.; Jeong, S.J.; Park, Y.G.; Kim, S.H. Melatonin Promotes
Osteoblastic Differentiation through the BMP/ERK/Wnt Signaling Pathways. J. Pineal Res. 2011, 51, 187–194. [CrossRef]

598. Karim, R.; Tse, G.; Putti, T.; Scolyer, R.; Lee, S. The Significance of the Wnt Pathway in the Pathology of Human Cancers. Pathology
2004, 36, 120–128. [CrossRef] [PubMed]

599. Ding, Z.; Wu, X.; Wang, Y.; Ji, S.; Zhang, W.; Kang, J.; Li, J.; Fei, G. Melatonin Prevents LPS-Induced Epithelial-Mesenchymal
Transition in Human Alveolar Epithelial Cells via the GSK-3β/Nrf2 Pathway. Biomed. Pharmacother. 2020, 132, 110827. [CrossRef]
[PubMed]

600. Hadj Ayed Tka, K.; Mahfoudh Boussaid, A.; Zaouali, M.A.; Kammoun, R.; Bejaoui, M.; Ghoul Mazgar, S.; Rosello Catafau, J.; Ben
Abdennebi, H. Melatonin Modulates Endoplasmic Reticulum Stress and Akt/GSK3-Beta Signaling Pathway in a Rat Model of
Renal Warm Ischemia Reperfusion. Anal. Cell. Pathol. 2015, 2015, 635172. [CrossRef] [PubMed]

601. Cross, D.A.; Alessi, D.R.; Cohen, P.; Andjelkovich, M.; Hemmings, B.A. Inhibition of Glycogen Synthase Kinase-3 by Insulin
Mediated by Protein Kinase B. Nature 1995, 378, 785–789. [CrossRef]

602. Beitner-Johnson, D.; Rust, R.T.; Hsieh, T.C.; Millhorn, D.E. Hypoxia Activates Akt and Induces Phosphorylation of GSK-3 in PC12
Cells. Cell. Signal. 2001, 13, 23–27. [CrossRef]

603. Perdomo, J.; Quintana, C.; González, I.; Hernández, I.; Rubio, S.; Loro, J.F.; Reiter, R.J.; Estévez, F.; Quintana, J. Melatonin Induces
Melanogenesis in Human SK-MEL-1 Melanoma Cells Involving Glycogen Synthase Kinase-3 and Reactive Oxygen Species. Int. J.
Mol. Sci. 2020, 21, 4970. [CrossRef]

604. Sainz, R.M.; Mayo, J.C.; Rodriguez, C.; Tan, D.X.; Lopez-Burillo, S.; Reiter, R.J. Melatonin and Cell Death: Differential Actions on
Apoptosis in Normal and Cancer Cells. Cell. Mol. Life Sci. 2003, 60, 1407–1426. [CrossRef]

605. Reiter, R.J.; Tan, D.-X.; Fuentes-Broto, L. Melatonin: A Multitasking Molecule. Prog. Brain Res. 2010, 181, 127–151. [CrossRef]
606. Zhang, H.-M.; Zhang, Y. Melatonin: A Well-Documented Antioxidant with Conditional pro-Oxidant Actions. J. Pineal Res. 2014,

57, 131–146. [CrossRef]
607. Sagrillo-Fagundes, L.; Bienvenue-Pariseault, J.; Vaillancourt, C. Melatonin: The Smart Molecule That Differentially Modulates

Autophagy in Tumor and Normal Placental Cells. PLoS ONE 2019, 14, e0202458. [CrossRef] [PubMed]
608. Asadi, M.R.; Moslehian, M.S.; Sabaie, H.; Poornabi, M.; Ghasemi, E.; Hassani, M.; Hussen, B.M.; Taheri, M.; Rezazadeh, M. Stress

Granules in the Anti-Cancer Medications Mechanism of Action: A Systematic Scoping Review. Front. Oncol. 2021, 11, 797549.
[CrossRef] [PubMed]

http://doi.org/10.1038/nature09862
http://doi.org/10.1093/nar/gkac164
http://doi.org/10.1038/ncb1424
http://doi.org/10.1128/MCB.00139-17
http://doi.org/10.1016/j.jbior.2018.09.007
http://doi.org/10.1038/s41467-018-04459-3
http://www.ncbi.nlm.nih.gov/pubmed/29899397
http://doi.org/10.1091/mbc.E14-11-1523
http://www.ncbi.nlm.nih.gov/pubmed/25694449
http://doi.org/10.1074/jbc.RA118.005749
http://www.ncbi.nlm.nih.gov/pubmed/30429220
http://doi.org/10.1038/35065000
http://doi.org/10.1126/science.1072682
http://doi.org/10.1159/000447922
http://doi.org/10.1111/jpi.12127
http://doi.org/10.1111/j.1600-079X.2008.00633.x
http://doi.org/10.1177/1759091420981204
http://doi.org/10.1007/s13105-015-0463-3
http://doi.org/10.1111/j.1600-079X.2011.00875.x
http://doi.org/10.1080/00313020410001671957
http://www.ncbi.nlm.nih.gov/pubmed/15203747
http://doi.org/10.1016/j.biopha.2020.110827
http://www.ncbi.nlm.nih.gov/pubmed/33065391
http://doi.org/10.1155/2015/635172
http://www.ncbi.nlm.nih.gov/pubmed/26229743
http://doi.org/10.1038/378785a0
http://doi.org/10.1016/S0898-6568(00)00128-5
http://doi.org/10.3390/ijms21144970
http://doi.org/10.1007/s00018-003-2319-1
http://doi.org/10.1016/S0079-6123(08)81008-4
http://doi.org/10.1111/jpi.12162
http://doi.org/10.1371/journal.pone.0202458
http://www.ncbi.nlm.nih.gov/pubmed/30629581
http://doi.org/10.3389/fonc.2021.797549
http://www.ncbi.nlm.nih.gov/pubmed/35004322


Int. J. Mol. Sci. 2022, 23, 8122 65 of 75

609. Lavalée, M.; Curdy, N.; Laurent, C.; Fournié, J.-J.; Franchini, D.-M. Cancer Cell Adaptability: Turning Ribonucleoprotein Granules
into Targets. Trends Cancer Res. 2021, 7, 902–915. [CrossRef] [PubMed]

610. Khong, A.; Ripin, N.; de Vasconcelos, L.M.; Spencer, S.; Parker, R. Stress Granules Promote Chemoresistance by Triggering
Cellular Quiescence. bioRxiv 2022. [CrossRef]

611. Fu, Y.; Dominissini, D.; Rechavi, G.; He, C. Gene Expression Regulation Mediated through Reversible m6A RNA Methylation.
Nat. Rev. Genet. 2014, 15, 293–306. [CrossRef]

612. Kan, R.L.; Chen, J.; Sallam, T. Crosstalk between Epitranscriptomic and Epigenetic Mechanisms in Gene Regulation. Trends Genet.
2022, 38, 182–193. [CrossRef]

613. Wilkinson, E.; Cui, Y.-H.; He, Y.-Y. Context-Dependent Roles of RNA Modifications in Stress Responses and Diseases. Int. J. Mol.
Sci. 2021, 22, 1949. [CrossRef]

614. Lai, L.-C.; Kissinger, M.T.; Burke, P.V.; Kwast, K.E. Comparison of the Transcriptomic “Stress Response” Evoked by Antimycin A
and Oxygen Deprivation in Saccharomyces Cerevisiae. BMC Genom. 2008, 9, 627. [CrossRef]

615. Paramasivam, A.; Priyadharsini, J.V. Epigenetic Modifications of RNA and Their Implications in Antiviral Immunity. Epigenomics
2020, 12, 1673–1675. [CrossRef]

616. Viswanathan, T.; Arya, S.; Chan, S.-H.; Qi, S.; Dai, N.; Misra, A.; Park, J.-G.; Oladunni, F.; Kovalskyy, D.; Hromas, R.A.; et al.
Structural Basis of RNA Cap Modification by SARS-CoV-2. Nat. Commun. 2020, 11, 3718. [CrossRef]

617. Manne, B.K.; Denorme, F.; Middleton, E.A.; Portier, I.; Rowley, J.W.; Stubben, C.; Petrey, A.C.; Tolley, N.D.; Guo, L.; Cody, M.; et al.
Platelet Gene Expression and Function in Patients with COVID-19. Blood 2020, 136, 1317–1329. [CrossRef] [PubMed]

618. Finlay, J.B.; Brann, D.H.; Hachem, R.A.; Jang, D.W.; Oliva, A.D.; Ko, T.; Gupta, R.; Wellford, S.A.; Ashley Moseman, E.; Jang, S.S.;
et al. Persistent Post-COVID-19 Smell Loss Is Associated with Inflammatory Infiltration and Altered Olfactory Epithelial Gene
Expression. bioRxiv 2022. [CrossRef]

619. Bernardes, J.P.; Mishra, N.; Tran, F.; Bahmer, T.; Best, L.; Blase, J.I.; Bordoni, D.; Franzenburg, J.; Geisen, U.; Josephs-Spaulding, J.;
et al. Longitudinal Multi-Omics Analyses Identify Responses of Megakaryocytes, Erythroid Cells, and Plasmablasts as Hallmarks
of Severe COVID-19. Immunity 2020, 53, 1296–1314.e9. [CrossRef] [PubMed]

620. Yin, Y.; Liu, X.-Z.; Tian, Q.; Fan, Y.-X.; Ye, Z.; Meng, T.-Q.; Wei, G.-H.; Xiong, C.-L.; Li, H.; He, X.; et al. Transcriptome and DNA
Methylome Analysis of Peripheral Blood Samples Reveals Incomplete Restoration and Transposable Element Activation after
3-Month Recovery of COVID-19. medRxiv 2022. [CrossRef]

621. Zhou, Y.; Yang, L.; Wang, H.; Chen, X.; Jiang, W.; Wang, Z.; Liu, S.; Liu, Y. Alterations in DNA Methylation Profiles in Cancellous
Bone of Postmenopausal Women with Osteoporosis. FEBS Open Bio 2020, 10, 1516–1531. [CrossRef]

622. Salvio, G.; Gianfelice, C.; Firmani, F.; Lunetti, S.; Balercia, G.; Giacchetti, G. Bone Metabolism in SARS-CoV-2 Disease: Possible
Osteoimmunology and Gender Implications. Clin. Rev. Bone Miner. Metab. 2020, 18, 51–57. [CrossRef]

623. Khosla, S. Minireview: The OPG/RANKL/RANK System. Endocrinology 2001, 142, 5050–5055. [CrossRef]
624. Qiao, W.; Lau, H.E.; Xie, H.; Poon, V.K.-M.; Chan, C.C.-S.; Chu, H.; Yuan, S.; Yuen, T.T.-T.; Chik, K.K.-H.; Tsang, J.O.-L.; et al.

SARS-CoV-2 Infection Induces Inflammatory Bone Loss in Golden Syrian Hamsters. Nat. Commun. 2022, 13, 1–16. [CrossRef]
625. Mick, E.; Kamm, J.; Pisco, A.O.; Ratnasiri, K.; Babik, J.M.; Castañeda, G.; DeRisi, J.L.; Detweiler, A.M.; Hao, S.L.; Kangelaris, K.N.;

et al. Upper Airway Gene Expression Reveals Suppressed Immune Responses to SARS-CoV-2 Compared with Other Respiratory
Viruses. Nat. Commun. 2020, 11, 5854. [CrossRef]

626. Mast, A.E.; Wolberg, A.S.; Gailani, D.; Garvin, M.R.; Alvarez, C.; Miller, J.I.; Aronow, B.; Jacobson, D. SARS-CoV-2 Suppresses
Anticoagulant and Fibrinolytic Gene Expression in the Lung. Elife 2021, 10, e64330. [CrossRef]

627. Salgado-Albarrán, M.; Navarro-Delgado, E.I.; Del Moral-Morales, A.; Alcaraz, N.; Baumbach, J.; González-Barrios, R.; Soto-Reyes,
E. Comparative Transcriptome Analysis Reveals Key Epigenetic Targets in SARS-CoV-2 Infection. NPJ Syst. Biol. Appl. 2021, 7, 21.
[CrossRef] [PubMed]

628. Criscione, S.W.; Theodosakis, N.; Micevic, G.; Cornish, T.C.; Burns, K.H.; Neretti, N.; Rodić, N. Genome-Wide Characterization of
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