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Abstract. Coronavirus infection causes endoplasmic reticulum stress inside the cells, which inhibits protein 
folding. Prolonged endoplasmic reticulum stress causes an apoptotic process of unfolded protein response-
induced cell death. Endoplasmic reticulum stress rapidly induces the activation of mTORC1, responsible for 
the induction of the IRE1-JNK pathway. IRE1-JNK stands out for its dual nature: pro-apoptotic in the first 
stage of infection, anti-apoptotic in persistently infected cells. Once penetrated the cells, the virus can deflect 
the mitochondrial function by implementing both waterfalls pro-apoptotic and anti-apoptotic response. The 
virus prevents, through Open Reading Frame 9b (ORF-9b) interacting with mitochondria, the response of 
the type I interferon of the cells affected by the infection and is fundamental for generating an antiviral cellu-
lar state. ORF-9b has effects on mitochondrial dynamics, inducing fusion and autophagy and promoting cell 
survival. The recognition of ORF-9b has made it possible to identify it as a molecular target of some existing 
potentially effective drugs (Midostaurin and Ruxolitinib). Other drugs, with the same target, are currently 
being tested. Given the great importance of mitochondria in virus-host interaction, in-depth knowledge of 
the actors and pathways involved is essential to continue developing new therapeutic strategies against SARS 
CoV2. (www.actabiomedica.it)
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The origins of the Coronaviruses

Coronaviruses (CoV) comprise a large family 
of zoonotic viruses, characterized by single-stranded 
RNA, belonging to the Coronaviridae family, Nidovi-
rales orders (1, 2). In humans, CoV mainly causes res-
piratory and gastrointestinal symptoms ranging from 
the common cold to more severe diseases, such as bron-
chitis, pneumonia, acute respiratory distress syndrome 
(ARDS), coagulopathy, multiorgan failure, and death 
(3, 4). The classification was initially based on antigenic 
relationships and subsequently confirmed by compar-
ing the sequences of the viral genomes (5). Previously, 
six coronaviruses were identified as human sensitive 
viruses, including α - CoV HCoV-229E, HCoV-
NL63, β - CoV HCoV-HKU1 and HCoV-OC43, 

responsible for mild respiratory symptoms similar to 
a common cold. The other two known β - CoV, SARS 
- CoV, and MERS - CoV are responsible for severe 
and potentially fatal respiratory tract infections (6, 7). 
Coronaviruses attracted attention as a highly patho-
genic virus for humans with the spread of SARS CoV 
(severe acute respiratory syndrome) in China in 2002 
(8-10). SARS- CoV uses the angiotensin 2 convert-
ing enzyme (ACE2) as a receptor and mainly infects 
ciliated bronchial epithelium and type II pneumocytes 
(11, 12), the same mechanism used by the more recent 
SARS-CoV2  responsible for COVID-19 (13, 14). 
SARS-CoV2 is a non-segmented beta-coronavirus 
with RNA (+) (positive sense), which shares 79.5% of 
genomic identity with SARS- CoV (15). 
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Structure and mechanism of coronavirus infection

Morphologically, coronaviruses have a spheri-
cal or pleomorphic shape with an average diameter of 
80-120 nm. Strongly glycosylated S proteins on the 
surface (2) are mainly responsible for the virus›s en-
try into cells by binding to ACE2. The other structural 
proteins are: membrane proteins (M), envelope pro-
teins (E) (16), and finally, nucleocapsid proteins (N), 
linked to genomic RNA. The genome is around 30 kb 
(17). The Coronavirus S proteins are divided by the 
host protease into two functional subunits: an S1 do-
main, which interacts with the host cell receptor, and 
an S2 domain, responsible for membrane fusion (18, 
19, 20).

The viral and cell membrane juxtaposition al-
lows the fusion of the lipid double layers, allowing 
the transposition of the viral nucleocapsid into the 
cytoplasm (2). Once penetrated inside the cell, the 
genomic RNA acts as an mRNA for the translation of 
the polyprotein replicase. The replicase gene contains 
two open reading frames, ORF1a and ORF1b, which 
encode the polyproteins 1a (pp1a) and 1ab (pp1ab) 
(21). Genomic RNA (+) is then used by the replicase 
enzyme to synthesize RNA (-) (negative sense), which 
in turn is used as a template for the synthesis of viral 
RNA (+). Furthermore, replicase synthesizes a set of 
subgenomic RNAs (sgRNAs), coding for structural 
and accessory proteins (22). 

Replication and transcription of the coronavirus 
genome involve the formation of replication/tran-
scription complexes (RTC), anchored to intracellular 
membranes through the proteins nsp3, nsp4 and nsp6 
(23) and closely associated with double-membrane 
vesicles (DMV) formed due to the virus (24, 25). 

The S, M, and E proteins are synthesized, in-
serted, and folded into the endoplasmic reticulum 
(ER) and then transported to the intermediate ER-
Golgi compartment (ERGIC). N proteins are instead 
translated into the cytoplasm, where they encapsulate 
genomic RNA.

The assembly of virions occurs in ERGIC(2) (2). 
When assembled, the virions are exported through the 
vesicles; the mature particles are finally released by 
budding (26). 

In some coronaviruses, a part of the S protein 
escapes the viral assembly; then it is exposed on the 
plasma membrane, causing fusion with the cells and 
causing the formation of a sizeable multinucleated cell 
known as syncytium: this allows the virus to spread 
without leaving the cells (2).

In eukaryotic cells, the endoplasmic reticulum  
(ER) is the leading site for the synthesis and folding of 
proteins secreted and transmembrane. When protein 
synthesis exceeds the folding capacity, the explained 
proteins accumulate in the ER causing ER stress (27). 

Cells have developed homeostatic maintenance 
mechanisms, collectively known as UPR (unfolded 
protein response) (28), metabolic pathways that aim 
to restore the normalcy of ER by stopping translation 
and increasing the folding capacity (29). If, however, 
despite the activation of these pathways, homeostasis 
is not restored, the cell is directed toward death by ap-
optosis (30).

The studies have highlighted how many viruses 
and pathogens that target mitochondria affect the 
ways of programmed cell death (31). Therefore, ER 
stress and UPR activation may contribute significantly 
to the pathogenesis of Coronavirus (29).

Mitochondrial structure and function

Mitochondria are organelles key in maintain-
ing cellular homeostasis, in the control of metabolism, 
in cellular aging, in starting some answers and in the 
 activation of innate immunity pathways apoptotic, anti-
apoptotic, and numerous other ways of the signal (32). 
Mitochondria are therefore the ideal target for many 
viruses that regulate the balance between the proteins 
of the Bcl-2 family (regulators of cell death), increas-
ing their survival within the host cell on one side and 
implementing processes of apoptosis on the other hand 
when cell survival cannot be guaranteed (31, 33, 34). 

The inner membrane (IM) is almost imperme-
able under physiological conditions, thus allowing 
to maintain the mitochondrial membrane potential 
(MMP, Δψm), given in turn by the electrochemical 
gradient created by the respiratory chain. An altera-
tion or transition of MMP (Δψm) leads to the ar-
rest of the normal biosynthetic and bioenergetic 
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functions of the cells, to the release of various pro-ap-
optotic proteins (35) and finally to the generation of  
a “crisis” inside the cell. During viral infection, there 
is a transition of MMP (Δψm), and a prolonged loss 
of MMP (Δψm) leads to sometimes irreversible dam-
age.  Furthermore, the potential of the mitochondrial 
membrane (∆Ψm) plays an essential role in the pro-
cess of sorting and segregating defective mitochon-
dria (36, 37). Therefore, the action of a pathogen on 
mitochondria may impact cell fate, such as to induce 
or, on the contrary, hinder their death (35). 

Physiologically, mitochondria undergo a series of 
processes: they lengthen by fusion, divide by fission, 
and undergo a controlled turnover through mitophagy 
(38). The dynamic processes of fusion, fission, and 
mitophagy support homeostasis and act as quality 
control of the mitochondria themselves (39), and 
play, more generally, an essential role in maintaining 
cellular health (40). Viruses interfere with these 
processes by altering mitochondrial dynamics to 
facilitate their proliferation. 

The role of mitochondria in viral infection

Viruses behave as obligate parasites of host cells, 
modulate metabolism and physiology strategically, 
causing a dramatic alteration in cell architecture, the 
subcellular functions (41), and hijack the mitochon-
dria impairs undo the degree of cellular functioning. 

The host has different defense mechanisms, some 
of which depend precisely on the mitochondrial ac-
tivity which, if on the one hand, it allows undertaking 
a path of activation of the cell cycle, on the other, 
it allows to start the programmed cell death (PCD),  
at the to prevent the spread of viral infection to 
neighboring cells (42).

Recent studies have shown that most viruses 
force cells to undergo apoptosis. However, from a vi-
rus point of view, host apoptosis appears to provide no 
benefit, so this is a topic of current research. Therefore, 
further studies clarifying the mechanisms underlying 
virus-induced PCD induction and cell lysis may help 
identify new drug targets for the treatment of viral in-
fections (31).

Another topic that has attracted attention in re-
cent years is related to the role of mitochondria in gen-
erating innate immune responses; this consequently 
implies an essential role in viral pathogenesis. Innate 
immunity recognizes pathogenic molecular patterns 
(PAMPs) and activates a series of defensive pathways, 
which sometimes lead to apoptosis of infected cells 
(38, 41). The mitochondria  centralize some essen-
tial innate immune responses, based on the presence 
of mitochondrial proteins: mitochondrial antiviral 
signal (MAVS), gene stimulation signal interferon 
(STING) and NLRX1. Mitochondrial  fusion would 
serve to increase the interactions of the MAVS with 
the signaling molecules downstream, generating a 
consequent synthesis of interferon (IFN). The mi-
tochondrial fission instead would block this antiviral 
signaling (43).

Therefore, mitochondria are vital as regulators of 
survival and cell death but also play an important role 
in controlling cellular response functions following in-
vasion by pathogens. From here, it is easy to under-
stand why they are an ideal target for viruses.

SARS- CoV regulates apoptosis through  
different pathways 

Apoptosis can be activated through intrinsic and 
extrinsic pathways. The intrinsic pathway is mediated 
by the Bcl2 family of proteins, in which BAX and BAK 
are pro-apoptotic, while Bcl2, Bcl-xL, and Mcl-1 are 
anti-apoptotic. As a result of cell stress (including 
viral infection), pro-apoptotic ones prevail. Bax in-
creases the permeability of the external mitochondrial 
membrane (MOMP), which leads to the release of 
 cytochrome C, a signal that directs the cell towards the 
beginning of apoptosis (caspases 3 and 7).

The extrinsic pathway exploits instead other me-
diators such as FasL, which leads to the activation of 
other procaspases, such as procaspase 8 and 10. Once 
activated, these caspases go to cleave and to activate 
other caspase initiators and executors, directly respon-
sible for cell death.

The two paths must not be seen as clearly sepa-
rate, but interconnected. For example, among the tar-
gets of caspase 8, there is Bid, a cytoplasm-located 
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also dimerizes to form the activator protein 1 (AP-1) 
and by doing so, induces then the transcription of the 
Bak and FasL(1) (45-48). JNK finally migrates to the 
mitochondria, where it induces apoptosis by acting di-
rectly on the Bcl2 family (49) (Figures 1). 

A characteristic aspect of coronaviruses is the fact 
of “playing” with the life of the cells they infect: caus-
ing their death, now allowing them to survive. The ten-
dency of JNK to bring the cell through pro-apoptotic 
cascade is valid only in the first stage of infection with 
SARS- CoV. It is known that, in persistently infected 
cells, this pathway tends to promote cell survival. 

The pro-survival role of JNK has been discovered 
through experiments in which the treatments of cul-
tured cells with JNK inhibitors effectively abolishes 
the persistence of SARS- CoV infection, suggest-
ing the anti-apoptotic aspect of the JNK pathway. It 
is worth nothing that the transition to a pro-survival 
attitude would only occur when the infection became 
persistent, making the cell a reservoir of new viruses 
(1, 50).

SARS- CoV and antiviral response pathways

Numerous studies found that cells infected with 
SARS- CoV exhibit dysfunction of the typical response 

pro-apoptotic member of Bcl-2, capable of binding and 
stabilizing Bax which, by forming oligomeric pores on 
the external mitochondrial membrane (MOM), causes 
an increased permeability, thus starting the previously 
cited intrinsic apoptotic pathway (38, 44).

The apoptosis mediated by SARS- CoV occurs 
not only as a consequence of a direct action towards 
pro- and anti-apoptotic proteins but also as a result of 
ER stress due to the overload of the cells biosynthetic 
pathways. An endoplasmic reticulum under stress pre-
sents an accumulation of misfolded proteins, which 
leads to a saturation of protein synthesis and process-
ing capacity (44). 

There are three pathways in the cell, respectively 
called PERK, IRE1, and ATF6, to implement the 
aforementioned unfolded protein response, or UPR, 
which counteract ER stress, and if the cell homeosta-
sis cannot be resumed, prompt the programmed cell 
death. In particular, the IRE1 pathway, in addition to 
compensating for ER stress, induces a cascade of sig-
nals, which ends with the activation of JNK (N-ter-
minal kinase c- Jun). The activation of the IRE1-JNK 
pathway is necessary for the induction of autophagy in 
the cells with the stress of the endoplasmic reticulum, 
and it is always this pathway that favors the apoptosis 
of SARS- CoV infected cells. The JNK in fact, be-
ing a kinase phosphorylates other molecules, such as 
the nuclear transcription factors c- Jun and ATF2, it 

Figure 1. Panel A: Role of the pathway JNK (c- Jun kinase N-terminal) in the first stage of infection with SARS-CoV2: the protein 
is not explained response (UPR, in the figure); translocates transcription factors such as c- Jun and ATF2 into the nucleus and phos-
phorylates, dimers to form the activator protein 1 (AP-1) and thus induces the transcription of pro-apoptotic genes such as Bak and 
FasL; it migrates into the mitochondria where it activates the intrinsic pathway of apoptosis, acting on the Bcl2 family of proteins.
Panel B: Role of the JNK pathway in the advanced stages of infection: emerges through the anti-apoptotic. The switching of this 
path towards an attitude conducive to cell survival occurs when the infection has become persistent, to use the cell as a source of new 
viral particles. 
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SARS- CoV promotes the formation of 
autophagosomes

As previously noted, one of the effects of ORF-
9b is a change in mitochondrial dynamics, more spe-
cifically by damaging them and inducing their fusion 
and elongation, as verified by electronic microscopy 
observations. Mitochondrial damage and elongation 
are two events strictly related to autophagy; indeed, 
Coronaviruses have been shown to act as triggers for 
autophagic processes (55). Mitochondrial elonga-
tion is an effect in stark contrast to what usually hap-
pens to mitochondria during a non-coronavirus viral 
infection, i.e., mitochondrial fission/fragmentation. 
In this case, too, ORF-9b comes into play, by shift-
ing to mitochondria, it induces the formation of au-
tophagosomes. This link between ORF-9b and both 
autophagy and mitochondrial fusion has been demon-
strated as follows:

 - increased incorporation of a protein called LC3 
into the membranes of the autophagosomes 
has been reported, following the expression of 
ORF-9b, and LC3 is a well-known index of 
cellular autophagy (45, 56). 

 - ORF-9b increases the ubiquitination and deg-
radation of DRP1 (dynamin-related protein 1), 
a protein that has a crucial role in mediating 
mitochondrial fission and elongation.

ORF-9b would, therefore, serve to promote cell 
survival during viral replication, because mitochondrial 
fusion would give rise to a process of safeguarding mi-
tochondria from degradation and more generally of the 
cell from programmed cell death (an enhancement of 
autophagy and mitochondrial fusion correspond to sup-
pression of mitophagy and apoptotic death (38, 52, 57). 

Apoptosis, antiviral response, autophagy: roads that 
meet in mitochondria

SARS-CoV infection controls the intrinsic path-
way of apoptosis, and the signals that determine pro-
grammed cell death or cell survival depend on whether 

to interferon 1, a fundamental antiviral  mechanism 
(51) (50).

To activate an antiviral response, the virus’ pres-
ence must be, first of all, detected. Infected cells have 
molecular sensors that recognize viral RNA, i.e., RIG-
I and MDA5 (retinoic inducible gene I and gene 5 
 associated with melanoma differentiation), two essen-
tial innate immune receptors whose pathways converge 
in the mitochondrial antiviral signaling protein or 
MAVS. MAVS also is known as ISP-1 (which stands 
for interferon Beta promoter stimulator 1, suggesting 
its fundamental role in the antiviral response), in turn, 
facilitates the induction of an antiviral cell state by 
 activating specific IRFs (interferon regulatory factors) 
a group of transcriptional activators/repressors (52, 53).

However, RNA viruses have developed strategies 
to antagonize these signaling pathways. In particular, 
the open reading frame 9b (ORF-9b) of SARS-CoV 
is found in the mitochondria, hindering those men-
tioned above MAVS-based antiviral signaling path 
and, at the same time, altering mitochondria’s mor-
phology of the affected cells. The consequences in the 
whole-cell system of this last-mentioned effect will be 
explained further in this review. 

SARS-CoV infected cells show decreased levels 
of MAVS protein expression, and consequently lower 
levels of TRAF3 and TRAF6 (TNF receptor-associ-
ated factors), which are two more downstream proteins 
usually recruited from MAVS.

The virus’ ORF-9b (open reading frame 9b) ex-
ploits the physiological role of two proteins: PCBP2 
and AIP4 (poly (rC)-binding Protein 2 and atrophin-1 
interacting protein 4). They usually account for the in-
hibition of the MAVS signalosome through ubiquitin-
mediated degradation. The conclusion that ORF-9b’s 
action involves the elements in the MAVS signalosome 
could be drawn by observing an increased recruiting 
and enhanced action of PCBP2 and AIP4. The result-
ing decline in MAVS, TRAF3, and TRAF6 levels is, 
therefore, a limitation of the cell’s ability to generate a 
robust defensive interferon response (38, 52, 54). 
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“main regulators” (60), followed by a chemoinformatic 
identification of existing compounds which affect pro-
teins in previously studied pathways. Sixty-six human 
proteins or host factors have been identified as the po-
tential target of 69 American FDA approved drugs or 
compounds, currently under study (59). 

For the moment and particularly for what con-
cerns the molecular targets related to the mitochon-
drial role during coronavirus infection, two molecules 
already used in the clinic are known, both protein 
 kinase inhibitors and which have the molecular target 
ORF-9b: Midostaurin, used in acute myeloid leuke-
mia, in myelodysplastic syndromes, and systemic mas-
tocytosis; Ruxolitinib, used in myelofibrosis. The other 
molecules, with the same molecular target, are instead 
tested and act on the phosphatase of the triphosphate 
nucleotides, a protector of the genome from the incor-
poration of genotoxic nucleotides. 

Conclusions

Many host responses seem to contribute to the 
pathogenesis of viral infections and recent cellular and 
molecular studies have shown how viruses specifically 
affect mitochondria, leading to the loss of MMP, the 
implementation of pro-apoptotic and anti-apoptotic 
processes in favor of viral survival with the implemen-
tation of autophagy and the reduction of antiviral sign-
aling, reducing the possibility of defense of the host. 
Mitochondria, therefore, play an essential role in the 
survival and cell death, so a better understanding of how 
viruses use mitochondrial responses to control cells can 
provide a basis for the development of new treatments.

To counteract SARS CoV 2 infection, it is crucial 
to understand the host’s hijacking in the way to de-
velop specific drug therapies. According to a medical 
consensus and the most recent studies, it is crucial to 
systematically explore the host dependencies of SARS 
CoV 2. However, the recent emergence of this virus 
and our limited knowledge preclude the identification 
of molecule candidates for host-directed therapies (59). 
This gap may be filled up by a systematic map of the 
interaction between SARS CoV 2 proteins and human 
proteins.

or not MOMP is lost. The UPR IRE1-JNK path 
mediates this ambivalent control. JNK acts both directly 
at the mitochondrial and nuclear levels. In the JNK nu-
cleus, it influences the expression of the genes involved 
in apoptosis, whose protein products are localized at 
the mitochondrial level, while in the mitochondria, it 
directly influences several members of the Bcl2 family.

The SARS- CoV ORF-9b acts in the mito-
chondria to induce the degradation of the signal sys-
tem supported by MAVS / TRAF3 / TRAF6 and to 
 reduce the antiviral signaling. The SARS- CoV ORF-
9b causes mitochondrial stress and induces their fu-
sion and elongation, while promoting autophagy and 
hindering mitophagy at the same time, thus allowing 
the infected cells to survive (56, 52). 

What emerges from the previous paragraphs is 
that mitochondria exert quite an interesting role dur-
ing Coronavirus infection, even more, if we take into 
account the fact that these observations apply to the 
responsible of the actual pandemics, SARS-CoV2. The 
IRE1 unfolded protein response pathway is involved in 
viral cell infection by any coronavirus; for what concerns 
ORF-9b, it is included in the previously mentioned 
79,5% of shared genomic identity with SARS-CoV, 
and it acts in the same way. The last observation is 
 especially useful if we consider that ORF-9b can act 
as a molecular target, as explained in the next section.

Orf 9b as a molecular target: current  
therapeutic applications

Currently, there is no therapy or specific antiviral 
drugs with proven efficacy to counteract the infection 
caused by SARS CoV 2; nevertheless, since the pan-
demic of COVID-19 has started, clinical trials went 
ongoing based on the knowledge we had from the first 
SARS CoV with which SARS CoV 2 shares most of 
the genomic identity. 

Through the study of the viral genome, Nevan 
Krogan’s laboratory at the University of California in 
San Francisco took the first step towards identifying 
new drug targets against SARS CoV 2 infection (58). 
At the basis of this identification is a complete analysis 
of the interaction between viral proteins and human 
proteins (59), the study of transcription factors called 
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