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ARTICLE INFO ABSTRACT

Keywords: mTOR is a serine-threonine kinase and participates in cell proliferation, cellular metabolism was found to be
mTOR activated during Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) viral infection and replication.
pS3 During viral replication mTOR, downstream target genes such as ribosomal protein S6 kinase beta 1 (S6K1) and

Dif:er Eukaryotic translational initiation factor 4E-binding proteinl (4-E-BP1) are activated result in ribosome bio-
nMCIg\(;?EI’\Il[; SARS.CoV synthesis and efficient protein synthesis. In plasmacytoid dendritic cells (pDCs), mTOR plays a key role in the
MERS association of adapter protein myeloid differentiation primary response gene 88 (MyD88), Toll-like receptor 9

(TLR9) and interferon regulatory factor (IRF-7) leading to the transcriptional activation of type-I interferon (IFN)
genes. Viruses also inactivate the interferon a (IFN-a) pathway by impairing the IRF-7 mediated activation of
IFN-a gene transcription. Thus, mammalian target of rapamycin (mTOR) inhibitors can help in suppressing the
early stages of viral infection and replication. Interestingly, the key tumor-suppressor p53 protein will undergo
degradation by virus-encoded E3 ubiquitin ligase Ring-finger and CHY zinc-finger domain-containing 1 (RCHY1)
leading to an increased viral survival in host cells. Thus, the mTOR inhibitors and p53 activators or microRNAs
that functions as p53 and can target 3’-UTR of mTOR and RPS6KB1 might effectively inhibit viral replication in

the human respiratory tract and lung cells.

1. Introduction

Researchers are trying to understand the possible pathways in cor-
onavirus infection, inflammation of lung, and mortality. The virus and
host interaction occurs between spike glycoprotein and the cell receptor
angiotensin-converting enzyme II (ACE2) (Li et al.,, 2020). Corona
viruses (CoVs) belong to order Nidovirales, family Coronaviridae, sub-
family ortho corona virinae and genus Betacoronavirus (King et al.,
2011). The SARS-CoV Coronavirus is a positive single-stranded RNA
virus that belongs to the family Corona Viridae and has a genome size of
26-31 kb in length. It spreads through Bat and yet the actual reservoir
host is yet to be identified. The Coronaviridae family has 4 genera such
as Alphacoronavirus (alpha CoV), Betacoronavirus (beta CoV), Delta-
coronavirus (delta CoV), and Gammacoronavirus (gamma CoV). Fur-
thermore, the beta CoV genus divides into five sub-genera or lineages
(Chan et al., 2013). The phylogenetic analyses and whole-genome
analysis have revealed that 2019-nCoV/SARS-CoV-2 shows sequence
identity with SARS-CoV up to 80%) (Zhou et al., 2020).

2. Coronaviruses and disease

The human coronaviruses such as HCoVs include severe acute
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respiratory syndrome coronavirus (SARS-CoV) and Middle East re-
spiratory syndrome coronavirus (MERS-CoV), caused high mortality.
The SARS-CoV has infected 8098 individuals in 2002-2003 and
whereas MERS caused 858 deaths, most of them are belong to Saudi
Arabia. Recently, nCOVID 19 originated in China and has spread to
almost all the countries affecting into locking down life into cocoons, a
restrictive phase. Thus, to control the spread of disease, researchers are
tirelessly working in designing various drugs that inhibit virus-host
interactions, such as ACE2 inhibitors, antibody-based therapeutic mo-
lecules, Nanotechnology-based drug delivery systems into the lung cells
such as nano-sprays, microRNAs, siRNA as therapeutic molecules, nu-
cleoside analogs such as Azidothymidine, which contribute inhibition
of reverse transcriptase action in human immune-deficiency virus
(HIV), aciclovir, ganciclovir that can inhibit the infection of herpes
simplex virus (HSV), Oseltamivir (Tamiflu), the drug that can inhibit
the viral budding in influenza. Many groups are trying to understand
the cytokine profiling and attempting to inhibit the inflammation in the
lung during COVID 19 infection phase. Here, in this study, we propose
mTOR inhibitors and p53 activators-based drugs are the potential
therapeutic candidates or targets that could be employed for nCOVID-
19 infection.
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3. mTOR inhibitors therapy against COVID19 infection

PI3K/AKT/mTOR pathway regulates fundamental cellular processes
such as transcription, protein synthesis, and cell metabolism (Magnuson
et al.,, 2012). Epstein-Barr virus study has indicated that mTOR in-
hibitor drug, manassantinB, inhibits the phosphorylation of AKT (i. e.
Akt Ser 473) and PKC at Ser-657 mediated by mTOR complex 2
(mTORC2) and thus overall inhibition of EBV lytic replication via
mTORC2-PKC/AKT signaling pathway (Wang et al., 2020). Few others
have indicated that 16 potential anti-HCoV repurposable drugs (e.g.,
melatonin, and sirolimus) from drug-gene signatures (Zhou et al.,
2020). The recent study had indicated influenza infects human lung
cells A549 and increases mTOR activity and is needed for activating
host translation processes during the initial 24 h of its mTOR inhibitor
Everolimus, was found to suppress the viral protein synthesis by in-
hibiting the miR-101, a p53 dependent microRNA that targets the
mTOR gene infection (Sharma et al., 2020a, 2020b).

Middle East respiratory syndrome coronavirus (MERS-CoV) belongs
to betacoronavirus and MERS infection causes acute respiratory syn-
drome. The kinase inhibitors targeting the ERK/MAPK and PI3K/AKT/
mTOR pathways, decreased MERS-CoV propagation in vitro, indicating
that the mTOR pathway is a potential drug target (Kindrachuk et al.,
2015). Studies in human papillomavirus (HPV) have shown that acti-
vated PI3K/AKT/mTOR signaling complex, resulted in the initiation of
viral replication and is mediated by overexpression of virally encoded
HPV E6 oncogene. Also, HPV E16 activates mTOR and its downstream
target genes such as S6K1 and eukaryotic initiation factor binding
protein 1 (4E-BP1) that are involved in the protein translation process
(Spangle and Munger, 2010). During COVID-19 mediated inflammation
of the lung, increased expression of pro-inflammatory cytokines such as
IL-1, IL-6, IL-8, IL-12, and IFNy caused cytokine storm (Ye et al., 2020;
Chen et al., 2006). Rapamycin, was found to inhibit the stimulatory
effect of IL-6 (Conti et al., 2020; Ekshyyan et al., 2016; Zegeye et al.,
2018). The recent study, in this direction, that highlighted the use of
Azithromycin (AZM) in COVID-19 positive patients that target mTORC1
and control virus proliferation and pathological effects (Al-Kassar and
Al-Afif, 2020).

Recent studies have indicated about several mTOR inhibitors that
are possible COVID-19 inhibitors (Table 1). The mTOR pathway is
regulated by interferons (IFNs) during viral infection as part of the anti-
viral response. Type-I IFNs are cytokines that regulate antiviral im-
munity. During viral infection, various cellular pattern recognition re-
ceptors (PRRs) are expressed and their association with adopter protein
may lead to the activation of interferon regulatory factors (IRFs) such as
IRF-3 and IRF-7 and Nuclear factor-kappa B (NF-kB). These proteins
transactivates the type-I-IFN gene in the virus affected cells (Takeuchi
and Akira, 2009; Brubaker et al., 2015; Hoffmann et al., 2015; Levy

Table 1
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et al., 2011). The IFNs that produced in the infected cells go and bind to
IFN o receptors present on the neighbouring healthy cells. This would
lead to the activation of cellular signaling pathway such as JAK-STAT
leading to the expression of IFN-stimulated genes. The other signaling
pathways, associated with activation of type-I-IFNs and expression of
interferon-stimulated genes (ISGs) are the PI3K-AKT-mTOR pathway
and mitogen activated protein kinase (MAPK) pathway. The PI3K-
mTOR-p70S6 kinase pathway is required for toll-like receptor (TLR)
dependent type-I-IFN production in plasmacytoid dendritic cells (Cao
et al., 2008). Few others have indicated that type-I IFNs or IFN re-
sponses can activate mTOR downstream target S6K1 and inactivate 4E-
BP1 and thereby regulate translation process and also involved in the
stimulation of type-I-interferon IFN responses (Lekmine et al., 2003;
Livingstone et al., 2015).

mTOR forms two complexes mTORC1 and mTORC2. It has been
shown that both mTORC1- and mTORC2-signaling cascades regulate
transcription and translation of interferon-stimulated genes (ISGs) and
in the production of type-I-IFNs. (Livingstone et al., 2015). Some stu-
dies further demonstrated that an Unc51-like kinase (ULK1) inter-
connects the type-I-IFN response with the mTOR signaling pathway,
and the mTOR-ULK1 pathway is critical for gene transcription mediated
by the cis-elements (such as ISREs and GAS) in type-I-IFN genes (Saleiro
et al., 2015). Studies have indicated that Rictor, the key subunit of
mTORC2, was upregulated by IFN-a. IFN induced AKT phosphorylation
on Ser-473 was absent in cells that are knockouts for the genes such as
Rictor /7, Sin1 ~/~, and mLST8 ~/~. This revealed the crucial role of
mTORC2 for AKT engagement in response to type-I-IFNs. These results
have indicated that mTORC2 may play a crucial role in macrophage
polarization and antiviral regulation (Kaur et al., 2008). (Fig. 1).

The type I IFNs such as IFN a or IFNf are produced by plasmacytoid
dendritic cells, macrophages, fibroblasts, and form an effector innate
immune response (Wang and Fish, 2012). Previous studies have in-
dicated that IFN therapy was useful for the therapy against the re-
spiratory syncytial virus (RSV), SARS-CoV, hepatitis C virus (HCV),
hepatitis B virus (HBV), etc. Studies have reported that IFN-a and -
combinations are found to be effective against SARS-CoV in vitro and in
SARS patients (Zheng et al., 2004; Zorzitto et al., 2006).

4. P53 dependent effects in inhibiting SARs-CoV virus replication

Infection by human coronaviruses is characterized by enhanced
viral replication and immune suppression in host cells. In Severe acute
respiratory syndrome coronavirus (SARS-CoV) p53 acts as an anti-viral
factor and inhibits viral replication. During SARS virus infection non-
structural protein of SARS-CoV interacts with E3 ubiquitin ligase ring-
finger and CHY zinc-finger domain-containing 1 (RCHY1) leading to the
degradation of p53 (Ma-Lauer et al., 2016). Von, Brunn, German Center

mTOR inhibitors with potential to inhibit COVID-19 infection and replication in human lung cells.

S.no. mTOR inhibitor Biological action

Reference

Kindrachuk et al., 2015
Wullschleger et al., 2006
Gordon et al., 2020

Keating et al., 2013
Sharma et al., 2020a, b

Fonseca et al., 2018

1. Rapamycin (Sirolimus) It targets mTORC1 complex (i.e. mTOR, Raptor, Deptor, mLST8, PRAS40, FKBP38) and inhibit PI3K/Akt/
mTOR dependent signaling pathway as well as MERS-CoV activity.
Rapamycin binds to immunophilin FK506-binding protein12A (FKBP12A) and inhibits the mTORC1 activity. It
also disrupts the interaction between Raptor and mTOR.
Inhibits the interaction between mTOR translational repressor (LARP1) and inhibit MERS infection up to 60%
Rapamycin gives cross-strain protection against influenza infection.

2. Metformin Activates 5-AMP activated protein kinase (AMPK) via liver kinase B1 (LKB1) and inhibits the mTOR pathway.
Also, metformin indirectly attenuates Akt activity through phosphorylation of insulin receptor substrate
(IRS1). Thus, the possibility of its use as anti-COVID19.

4. Sapanisertib (INK0128; Orally bioavailable mTOR inhibitor. It inhibits mTORC1 and mTORC2

INK128)
5. PP-242

During PRRSV infection PP-242 modulates the mTOR signaling cascade and repress the IFN production by

Liu et al., 2017

inhibiting the transcriptional activation of IRF-3, NF-kB, etc. and suppress the production and activity of type-I
interferons in macrophages and dendritic cells during early viral infection.

It is a non-selective inhibitor that targets the ATP binding site of mTOR kinase and suppresses mTORC1 and
mTORC2. It also suppresses Porcine reproductive respiratory syndrome virus (PRRSV) infection up to 90%
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Protection of healthy cells

Fig. 1. Role of PI3K-Akt-mTOR pathway in interferon production. In plasmacytoid DCs (pDCs), the s6 kinase 1 (s6K1) phosphorylation by mTOR complex1 promotes
the interaction between MYD88, TLR-9, and IRF7 leading to nuclear translocation of IRF7 leading to transcriptional activation of type I interferon (IFN) genes. The
key component of mTORC2, Rictor was also found to regulate IFN a production. The produced IFNa go and bind to IFN a receptor (IFNAR1-IFNAR2) and result in the

production of IFN.

for Infection Research (DZIF) found the rate of virus replication is en-
hanced several orders in cells that lack p53 than cells in which the p53
is expressed. Thus, p53 is involved in the host cell's non-specific anti-
viral defense system. On the other hand, studies have indicated that, the
coronavirus papain-like proteases (PLPs) cause suppression of the in-
nate immune response. The PLP2, a catalytic domain of the non-
structural protein 3 of human coronavirus NL63 (HCoV-NL63) causes
deubiquitination and stabilization of the cellular oncoprotein Mdm2
and thus help in proteasomal degradation of p53 (Yuan et al., 2014).
Although vaccines against COVID-19 is the best option. Till that time to
control mortality and save the life the use of microRNA that are non-
coding RNAs of 21-22 bp in length and bind to 3’-UTR of mTOR mRNA
i.e. miR-101, miR-100, miR-99a/b, miR-7, miR-107, let-7 and miR-199
that target mTOR (Zhang et al., 2017; Rapa et al., 2018; Hu et al., 2014;
Blume et al., 2015; Feng et al., 2011a; Marcais et al., 2014; Wang et al.,
2017). and its downstream target S6K1 (i.e. miR-107, miR-7, miR-429,
miR-200, miR-15/16, miR-223, miR-143/145 and miR-17) (Feng et al.,
2011b; Blume et al., 2015; Kim et al., 2011; Calin et al., 2008, Bonci
et al., 2008, Ramaiah et al., 2014; Fang et al., 2012; Zhang et al., 2013;
Chen et al., 2009; Yan et al., 2009) involved in ribosomal biogenesis
and viral protein translation are highly important for the possible future
therapy against COVID 19 control (Fig. 2). In conclusion, p53 activators
such as 4,5-dihydro-imidazoline (nutlin-3a) (Vassilev et al., 2004) and
inhibitors of p53-Hdm?2 interactions such as AMG232 (Sun et al., 2014),
idasanutlin (Ding et al., 2013) and overexpression of microRNA that
functions like p53 such as miR-15/16 or adenoviral vector expressing
p53 in lung cells that are infected by coronavirus are effective drug
targets in therapy against deadly COVID-19 virus.

5. RNA interference during viral infection and p53 role

RNA interference (RNAi) is a process of post-transcriptional gene
silencing (PTGS) observed in plants, animals, insects, and nematodes.
Recent studies have shown the crucial role of RNAi in the anti-viral
mechanism. In SARS-CoV, the nucleocapsid protein (N-protein) sup-
presses the RNAi by binding to small interfering RNA (siRNA) and short
hairpin RNA (shRNA). The knockdown of key genes such as Dicer and

Ago2 enhanced the viral replication in the mouse hepatitis virus which
is highly similar to SARS-CoV (Cui et al.,, 2015). Interestingly,
bronchoalveolar stem cells (BASCs) — “microbiome” that reveal the
interaction between microRNAs in stem cells and viral genome has
indicated that the miR-223 was inhibited by nucleocapsid and spike
protein by SARS-CoV. This indicates the functional interplay between
SARS virus-RNAi and p53 (Mallick et al., 2009).

6. P53 activation and immune responses

Some studies have identified, another human coronavirus HCoV-
NL63 that causes respiratory tract infection, bronchiolitis, con-
junctivitis in both children and adults (Chen et al., 2007). The combi-
nation of Actinomycin D and nutlin-3a activates p53 via phosphoryla-
tion of p53 at Ser 392 in A549 lung cancer cell lines and induce
apoptosis that looks like inflammation-inducing pyroptosis and cell
death induced by caspase-1. These drugs also induce the expression of
innate immunity genes such as Nlrx1, String (stimulator of interferon
genes), and two antiviral proteins, IFIT1 and IFIT3. P53 activation in-
duces interferons (through upregulation of STING). Pyroptosis converts
inactivated caspases to active caspase-1 that activates Interleukin-1-3
and interleukin-18 from their inactive state that results in activation of
neutrophils, NK cells, and T cells and interferon-y-response (Krzesniak
et al., 2020). RITA (reactivation of p53 and induction of tumor cell
apoptosis) is another agent that restores p53 expression in cells and
induces apoptosis. The reactivation of p53 following RITA treatment is
critically dependent on elF2a phosphorylation. Thus, p53 restoration is
interlinked with the translation machinery (Ristau et al., 2019). Thus,
small molecules that activate p53 may be of potential use in mediating
host immune response.

7. P53, mTOR, and RNAi pathway interlink

P53 interacts with Drosha, the key component of the interference
pathway via DEAD-box RNA helicase p68, and participates in the
microRNA processing (i. e. from primary microRNA to pre-microRNA).
The deletion of regulatory associated protein of mTOR (Raptor) and



M.J. Ramaiah

Gene Reports 20 (2020) 100765

p53 dependent microRNA

.

miR-101
miR-100
miR-99a/b
miR-7
miR-107
let-7
miR-199

mTOR mRNA

5! 3

Sy

5

/ 3'

Possible inhibtion of
Viral infection
and replication

Fig. 2. MicroRNAs regulate mTOR and RPS6KB1. The p53 dependent microRNAs bind to 3’-UTR of mTOR and RPS6KB1 genes and possibly generate IFN a response.

mouse embryonic fibroblasts with a double knock out for TSC (i.e.
TSC™/7) have indicated that mTOR activity is related to microRNA
processing (Suzuki et al., 2009; Ye et al., 2015).

In invertebrates, the RNAi-mediated immunity the key pathway that
operates during initial stages of viral infection (Nayak et al., 2013;
Karlikow et al., 2014), Loss of Dicer-2 (Dcr-2) have shown increase
infection by RNA viruses such as flock house virus. Drosophila C virus,
and Sindbis virus (Galiana-Arnouse et al., 2006). Interestingly, Dicer
mutants have shown reduced insulin activity and enhanced mortality in
the Zika virus-infected in Drosophila (Harsh et al., 2018). Thus, Dicer
plays a crucial regulatory role in immunity against viral infection. In
vertebrates, RNAi-mediated immunity is connected with various path-
ways such as interferon (IFN) pathway (i.e. RLR mediated), dsRNA-
inducible protein kinase R (PKR) pathway, and oligoadenylate synthe-
tase/RNase L pathway (Fig. 3). Interestingly, Dicer ablation caused
Naive CD8 T cell activation (Zhang and Bevan, 2011; Trifari et al.,

Invertebrates

¢ N = = = = =
-

IFNa production

Drosophila melanogaster
Caenorhabditis elegans

Virus
Specific

2013) and Dicer/miRNA balance regulates the fate of long-lived
memory and short-lived effector cells, and cytotoxic T-lymphocyte
(CTL) that play a pivotal role in immunity against viruses and cancer
(Williams and Bevan, 2007).

8. Hypotheses

During viral infection, the virus activates mTOR and its downstream
targets such as RPS6KB1 (S6K1) and 4-EBP1 and rapid activation of
translation machinery for viral protein synthesis. Since SARS-CoV is a
positive sense-strand RNA virus, there is a possibility of a faster trans-
lation process, where activation of mTOR was observed. During SARS
virus infection, the non-structural protein of SARS-CoV interacts with
E3 ubiquitin (E3U) ligase ring-finger and CHY zinc-finger domain-
containing 1 (RCHY1) and stabilizes it leading to the degradation of
p53. This indicates mTOR activation and loss-of-functional p53 could

Vertebrates

‘ IFN stimulated genes

IFN gene expression

| _—

Fig. 3. Viral RNA sensing mechanisms and interferon production. In invertebrates Dicer alone sense the viral dsSRNA and induce the production of siRNA. But in
vertebrates, the viral dsRNA is sensed by RIG-I like receptor (RLR) that induce the interferon-stimulated genes (ISGs) such as RLR and melanoma differentiation-
associated gene 5 (MDA-5) and laboratory genetics and physiology 2 (LGP-2) leading to the production of interferons.
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facilitate virus replication. Thus, inhibitors of mTOR and activators of
p53 or microRNAs that can mimic-like p53 and could bind to 3’-un-
translated regions (UTRs) of mTOR and RPS6KB1 are the potential
target molecules for the therapy against nCOVID19.

9. Conclusions

mTOR is a serine-threonine kinase family protein, a key regulator in
protein synthesis, and cellular metabolism that forms two major com-
plexes, mTORC1 with Raptor and mTORC2 with Rictor play a central
pivotal role in cell proliferation and cellular metabolism. mTOR is in-
volved in cell proliferation, while p53 is involved in apoptosis.
Increased mTOR expression levels and decreased p53 expression pro-
files is possibly facilitated virus replication in the case of coronavirus
infection. The established drug target molecules, such as, Rapamycin
and Everolimus function as mTOR inhibitors or p53 activators such as
nutlin 3a can stabilize p53 by degrading Mdm2 could help to inhibit
virus replication. Also, p53 activators were found to inhibit mTOR
signaling via the AMPK pathway in mantle cell lymphoma. Towards the
goal of rapid development of vaccine technology, it is advisable that the
scientific community should give more thrust on uncovering potential
of the mTOR inhibitors and p53 activators and various microRNAs that
mimic-like p53 for combating COVID-19 infections.
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