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Singh KK, Chaubey G, Chen JY, Suravajhala P. Decoding
SARS-CoV-2 hijacking of host mitochondria in COVID-19 pathogen-
esis. Am J Physiol Cell Physiol 319: C258—-C267, 2020. First pub-
lished June 8, 2020; doi:10.1152/ajpcell.00224.2020.—Because of the
ongoing pandemic around the world, the mechanisms underlying the
SARS-CoV-2-induced COVID-19 are subject to intense investigation.
Based on available data for the SARS-CoV-1 virus, we suggest how
CoV-2 localization of RNA transcripts in mitochondria hijacks the
host cell’s mitochondrial function to viral advantage. Besides viral
RNA transcripts, RNA also localizes to mitochondria. SARS-CoV-2
may manipulate mitochondrial function indirectly, first by ACE2
regulation of mitochondrial function, and once it enters the host cell,
open-reading frames (ORFs) such as ORF-9b can directly manipulate
mitochondrial function to evade host cell immunity and facilitate virus
replication and COVID-19 disease. Manipulations of host mitochon-
dria by viral ORFs can release mitochondrial DNA (mtDNA) in the
cytoplasm and activate mtDNA-induced inflammasome and suppress
innate and adaptive immunity. We argue that a decline in ACE2
function in aged individuals, coupled with the age-associated decline
in mitochondrial functions resulting in chronic metabolic disorders
like diabetes or cancer, may make the host more vulnerable to
infection and health complications to mortality. These observations
suggest that distinct localization of viral RNA and proteins in mito-
chondria must play essential roles in SARS-CoV-2 pathogenesis.
Understanding the mechanisms underlying virus communication with
host mitochondria may provide critical insights into COVID-19 pa-
thologies. An investigation into the SARS-CoV-2 hijacking of
mitochondria should lead to novel approaches to prevent and treat
COVID-19.
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INTRODUCTION

In the Chinese city of Wuhan in December 2019, a new
severe acute respiratory syndrome virus (SARS-CoV-2)
emerged, which has led to a worldwide pandemic (35, 63).
SARS-CoV-2 is a positive single-stranded RNA -coronavi-
rus. It contains a 29,903-nucleotide-long genome (10). SARS-
CoV-2 causes the human disease known as coronavirus disease
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2019 (COVID-19). SARS-CoV-2-positive cases are reported
in more than 5 million people, resulting in more than 3,247,000
COVID-19-related deaths in 200 countries (source: World
Health Organization https://COVID19.who.int/).

The genome organization of SARS-CoV-2 is similar to
CoV-1 and other coronaviruses (15). SARS-CoV-2 contains
open-reading frames (ORFs) common to all B-coronaviruses.
These include the ORF1lab responsible for most of the enzy-
matic proteins, the surface spike glycoproteins (S), the enve-
lope proteins (E), the membrane proteins (M), and the nucleocap-
sid proteins (N). Other proteins include nonstructural proteins
expressed from ORF3a, ORF6a, ORFF7a, and ORF8a. SARS-
CoV-2 also includes ORF10a as part of its genome (29, 31, 59).

Both SARS-CoV-1 and CoV-2 enter into the cell by viral
spike (S) proteins binding to cellular receptors and on S protein
priming by host cell proteases. Recently, it was demonstrated
that like SARS-CoV-1, SARS-CoV-2 transmembrane serine
protease 2 (TMPRSS?2) primes S protein and uses angiotensin-
converting enzyme carboxypeptidase 2 (ACE2) host receptor
for entry into the cell (29). Genetic variation analyses in the
ACE2 gene showed substantial variation among populations
worldwide (9, 55). Thus, ACE2 might impact CoV-2 entry
differently in different people. Interestingly, ACE2 variation
may also affect mitochondrial function, a mechanism that
CoV-2 may use to preferentially infect populations compro-
mised in mitochondrial function due to either variation in
ACE?2 or chronic diseases such as diabetes in which mitochon-
drial dysfunction plays a significant role (18, 43, 51).

To identify variations among the ORFs encoded by SARS-CoV-1
and SARS-CoV-2, we analyzed genome diversity between the two
coronaviruses from different regions of the world. We report a lack
of significant mutational differences between the CoV-1 and
CoV-2 and highlight how CoV-2 targeting of host mitochondria
by direct transport of viral RNA as well as the RNA transcripts
hijacks and manipulates mitochondrial function to facilitate host
immune suppression, viral replication, and COVID-19.

SARS-CoV-2 MANIPULATION OF MITOCHONDRIA TO GAIN
ENTRY INTO THE CELL

SARS-CoV-1 entry into the cell depends on angiotensin-
converting enzyme carboxypeptidase 2 (ACE2) and transmem-

http://www.ajpcell.org

Downloaded from journals.physiology.org/journal/ajpcell (047.202.169.147) on June 3, 2022.



SARS-CoV-2 HJACKING OF HOST MITOCHONDRIA

brane serine protease 2 (TMPRSS2). It has been demonstrated
that SARS-CoV-2 also uses the host ACE2 for entry and the
TMPRSS2 for S protein priming (29). SARS-CoV-2 uses
ACE?2 as the entry receptor (68). ACE2 utilization serves as a
critical determinant of CoV-2 transmissibility (14, 68, 69). The
ACE2 gene is present in the X-chromosome of humans (14).

The ACE2, which cleaves angiotensin II (Ang II) into
angiotensin 1-7 (Ang 1-7), regulates mitochondrial functions
(51). ACE2-knockout mice exhibit impaired mitochondrial
respiration and reduced production of ATP. ACE2 overexpres-
sion also restores impaired mitochondrial function. It also
regulates mitochondria-localized NADPH oxidase 4, which is
known to produce reactive oxygen species (ROS) in the mito-
chondria (25, 32).

We checked the spatial variations present in the ACE2 gene
to see whether some populations carry substitutions that cate-
gorize them as more susceptible or resistant to the virus.
Consistent with the previous studies (3, 9), we didn’t find any
rare variant in the coding region; however, an exonic variant
rs2285666 (G8790A) showed a significant difference (P = 2 X
107 19) for European and East Asian populations. The patho-
genicity of these variants was studied extensively for type 2
diabetes, coronary artery disease, and hypertension (12, 65,
67). It is interesting to note that the G/G genotype could reduce
the expression of ACE2 protein up to 50% (42, 65).

Our haplotype-based analysis of this gene suggested con-
trasting clustering of South Asian haplotypes with the East and
Southeast Asian haplotypes (55). The excessive sharing of this
haplotype was in the background of allele r$s2285666 (Fig. 1).
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We obtained three major haplotypes in this gene, where hap-
lotype 1 was predominantly present among West Eurasian
populations. This haplotype was distinct from haplotype 2 and
haplotype 3 by a long branch of 15 substitutions (Fig. 1).
Another allele rs4646120 reduces the haplotype diversity sub-
stantially and yields haplotype, which is derived mainly from
East Eurasian, South Asian, and American populations. Sub-
sequently, the third haplotype is separated by variant
1rs2285666 (Fig. 1). Haplotype 3 is majorly composed of East
Eurasian, South Asian, and Central Asian populations. The
phylogeographic distribution of rs2258666 revealed relatively
higher frequency in East Eurasia than in Europe, Africa, and
North America (Fig. 2). Among South Asians, its incidence is
higher among Kerala and Tamilnadu states of Southern Indian,
Himalayan, Northeast Indian, and Bangladeshi tribal popula-
tions. A few Central Asian and Siberian tribes also had a higher
frequency of this allele. Thus, it is likely that a high rate of
152285666 allele among populations may modulate the suscep-
tibility for SARS-CoV-2.

Besides ACE2, TMPRSS2 transmembrane serine protease
also allows the entry of coronaviruses into host cells by
proteolytic cleaving and activating viral envelope glycopro-
teins (29). Among the coronaviruses, HCoV-229E, MERS-
CoV, SARS-CoV, and SARS-CoV-2 are demonstrated to be
dependent on TMPRSS2. Indirect evidence suggests that
TMPRSS2 may regulate mitochondrial function via ERRa
(estrogen-related receptor-a). ERRa is a ligand-independent
nuclear receptor that, together with its coactivator peroxisome
proliferator-activated receptor-y coactivator-la (PGC-1a),
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Fig. 1. The most parsimonious structure of major hap-
lotypes present in the angiotensin-converting enzyme
carboxypeptidase 2 gene (ACE2). Frequencies of each
regional population present in a haplotype are shown in
color. Phylogenetic relationships between the observed
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Fig. 2. Spatial distribution of angiotensin-converting enzyme carboxypeptidase 2 (ACE2) rs2285666 in world populations. Isofrequency maps were generated
by using Surfer8 of Golden Software (Golden Software, Inc., Golden, CO), following the Kriging procedure. The isofrequency map illustrates the geographic

spread of the respective allele. Data points are shown for each population.

transcriptionally regulates energy homeostasis and mitochon-
drial functions (66). Alternatively, spliced transcript variants of
TMPRSS2 isoforms have been described. It is conceivable that
an isoform(s) may localize into the mitochondria and play a
direct role in regulating mitochondrial function.

HOST MITOCHONDRIA HIJACKING BY SARS-CoV-2 RNA

Recent evidence indicates that mitochondria play a central
role in the host response upon viral infection and immunity (5,
34). Wu et al. (64) compared a broad set of SARS-CoV-2
genomes to the human transcriptome and carried out system-
atic computational analyses to identify the subcellular signals.
Using machine learning models, they determined that the
SARS-CoV-2 RNA genome and all subgenomic RNAs were
enriched in the host mitochondria and nucleolus. Wu et al. (63)
reported that the 5'- and 3’-untranslated regions of CoV-2
contained the distinct mitochondrial localization signals. This
analysis provides an interesting hypothesis that needs to be
validated experimentally for RNA mode of the hijacking of
mitochondria by SARS-CoV-2 (63).

Mitochondrial stress induces the formation of mitochondria-
derived vesicles that are involved in the cross-talk between
mitochondria and endoplasmic reticulum (ER) (57). Coronavi-
rus replication consists of the formation of double-membrane
vesicles (DMVs) derived from ER. These DM Vs serve as a site
for viral replication and help conceal the virus from host
cellular defenses (6, 27, 33). Like viral manipulation of ER, it
is plausible that CoV-2 manipulation of mitochondria results in
the induction of (double-membrane) mitochondria-derived
vesicles (MDVs). It is likely that CoV-2 RNA localization in
mitochondria induces mitochondrial dysfunction and in-
creases mitochondria-derived double-membrane vehicles in
which the virus can hide and replicate. In this context, it
noteworthy that point mutations in the murine coronavirus
are known to decrease the number of ER-derived DMV but
simultaneously increase the localization of viral protein into
the mitochondria (17).

The mitochondrial stress-induced MDYV is intimately in-
volved in cross-talk with ER (1). Interestingly, HIV RNA also

localizes to host mitochondria and induces mitochondrial dys-
function (54). The exact mechanism of how either mitochon-
dria-localized corona or HIV viral RNA causes mitochondrial
dysfunction is unknown. Multiple mechanisms are likely in-
volved. To date, several questions remain unanswered. These
include the following. /) How is the viral RNA imported inside
the host mitochondria? 2) Viral nonstructural protein interacts
directly with Tomm?70, a mitochondrial import receptor (24);
however, it is unclear whether this pathway is involved in RNA
import into the mitochondria. 3) We do not yet know whether
noncoding RNAs encoded by coronavirus inhibit mitochon-
drial transcription, protein translation, or tRNA processing. 4)
Also, we do not know whether there are cassettes of the
coronavirus RNA genome that can be read using the mitochon-
drial amino acid translation code. Finally, we do not yet know
whether the formation of ER-derived DMV and mitochondria-
derived MDV resemble one another mechanistically and
whether mitochondrial MDYV indeed serves as a reservoir for
CoV-2 replication.

HOST MITOCHONDRIA HIJACKING BY SARS-CoV-2
PROTEINS

Mitochondria function as a platform for innate immune
signaling (2, 5, 37). Notably, the host responses against viral
infections depend on mitochondrial functions. Indeed, mtDNA
itself acts as a danger-associated molecular pattern (DAMP).
The mitochondrial outer membrane functions as a platform for
signaling molecules (40, 41, 48, 61). With age, mtDNA content
and mitochondrial function decline. Mutations in mtDNA are
also reported to accumulate with age, resulting in mitochon-
drial dysfunction, inflammation, and alterations in immune
response (41, 53).

SARS-CoV-1 virus upon infection affects mitochondrial
functions, influences its intracellular survival, or evades host
immunity. Interestingly, SARS-CoV-1 ORF-9b localizes into
host mitochondria, which suppresses innate immunity by ma-
nipulating mitochondrial function and mitochondrial antiviral
signaling protein (MAVS)/TNF receptor-associated factor
(TRAF)3/TRAF6 signaling pathway to host innate immunity
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Fig. 3. A: overview of open-reading frames (ORFs)
present in SARS-CoV-1 and SARS-Cov-2. B: the Orf3b
gene is absent in CoV-2. E, envelope proteins; M,
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(50). Furthermore, SARS-COV-1 ORF3b (23), ORF7a (58),
and ORF8a also localize to mitochondria and promote viral
replication (13). We compared mitochondria localized CoV-1
ORF with ORFs encoded by the CoV-2 genome. With the
exception of ORF3b, SARS-CoV-2 encodes amino acid se-
quences very similar to SARS-CoV-1 ORFs (ORF7a, -8a, and
-9b) proven to be localized to host mitochondria. Notably,
CoV-2 lacks ORF3b (Fig. 3).

ORF3a is a 275-amino acid protein with one amino acid less
in CoV-1. The sequences show 71.64% identity with each
other, with 86% similarities. We observed that 174-GTTSPIS-
180 aa motif shows an epitope tag, as it formed exposed
regions thatallow the protein to open up. The relative surface
accessibility for these exposed regions is also unique compared
with the CoV-2 (Fig. 4). ORF3b is absent in CoV-2, whereas
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the 114-amino acid protein shows sequence similarity with the
+2 reading frame, which remains untranslated. The translated
nucleotide query against the translated nucleotide sequence of
CoV-2 showed a significant similarity between them (99%) but
across different reading frames (Fig. 4). ORF7a reveals an
87.7% identity between SARS-CoV-2and CoV-1 with one gap
(Fig. 5). ORF8a is yet another protein with 68% similarity to
SARS-CoV-2 and CoV-1 (Fig. 6). This ORF contains two
signature sequences, viz. EDPCP and INCQ. Structurally, these
form the (-pleated sheets, and their function is not yet known.
ORf9b is absent in CoV-2, even as there are many coiled struc-
tures untranslated from various reading frames (Fig. 7), just as in
the case of ORF3b. The exposed regions from 32 to 39 amino
acids have a high propensity to form coiled structures and could
be used to show an inhibitory effect from interferons.
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ref| YP_009724391.1|CoV-2|Wuhan NSVTSSIVITSGDGTTSPISEHDYQIGGYTEKWESGVEKDCVVLHSYFTSDYYQLYSTQLSTDTGVEHVTTEFF

gb| QHZ00380.1| CoV-2|Korea NSVTSSIVITSGDGTTSPISEHDYQIGGYT TEKWESGVEKDCVVLHSYFTSDYYQLYSTQLSTDTGVEHVTFFIYNKIVDETP
| dbj|BCB15091.1|Cov_2|Japan NSVTSSIVITSGDGTTSPISEHDYQIGGYTEKWESGVEKDCVVLHSYFTSDYYQLYSTQLSTDTGVEHVTFFIYNKIVDETP
gb| QIM47458.1| CoV-2|Spain NSVTSSIVITSGDG‘TTSPISEHDYQIGGYTEKWES.VKDCV\ILHSYFTSDYYQLYSTQLSTDTGVEHVTFFIYNKIVDEP
gb| QIZ15538 | CoV-2| SOUTH AFRICA NSVTSSIVITSGDGTTSPISEHDYQIGGYTEKWESGVEKDCVVLHSYFTSDYYQLYSTQLSTDTGVEHVTFFIYNKIVDESTP
gb| QIG55995 | CoV-2|Brazil NSVTSSIVITSGDGTTSPISEHDYQIGGYTEKWESGVEKDCVVLHSYFTSDYYQLYSTQLSTDTGVEHVTFFIYNKIVDETP
gb|QHQ71974.1|CoV-2|USA NSVTSSIVITSGDGTTSPISEHDYQIGGYTEKWESGVEKDCVVLHSYFTSDYYQLYSTQLSTDTGVEHVTFFIYNKIVDETP
gb|QII87841.1|CoV-2|USA NSVTSSIVITSGDGTTSPISEHDYQIGGYTEKWESGVEKDCVVLHSYFTSDYYQLYSTQLSTDTGVEHVTFFIYNKIVDETP
B orf3b

gb1ACU31033.1]Cov-11Wuhan MMPTTLFAGIHITMTTVYHITVSQIQLSLLQVTAFQHQNSKKTTKLVVILRIGTQVLK.M
| gb| ATO98233.1| Cov-1|Wuhan MMPTTLFAGIHITMTTVYHITVSQIQLSLLQVTAFQHQNS K KTTKLVVILRIGTQVLEKTM
gb|AGZ48808.1|Cov-1|Wuhan MMPTTLFAG.HITMTTVYHITVSQIQLSLLQVTAFQHQNSKKTTKLVVILRIGTQVLKTM
gb|ABD75317.11CoV-1|Beijing MMPTTLE‘AGIHI-MTTVYH.TVSQIQ SLLQVTAFQHQNSKKTTKLVVILRIGTQVLKTM
| gb|ACZ72124.11Cov-1]USA MMPTTLE‘AG.HITMTTVYHITVSQIQLSLL.VTAFQHQNSKKTTKLVVILRIGTQVLKTM
gblACU31033.1]Cov-1|Wuhan SLYMAISPKFTTSLSLHKLLQTLVLKMLHSSSLTSLLKTHRMCKYTQSTALQEL-----— —
gblATO98233.1| Cov-1|Wuhan SLYMAISPKFTTSLSLHKLLQTLVLKMLHSSSLTSLLKTHRMCEKYTQSTALQEL-—--- - —

Fig. 4. Characteristic motif in open-reading frame 3a (Orf3a). A: characteristic LXXC motif in Orf3a from multiple sequence alignment of reported strains. The
LWLC is associated with viral expression, whereas CWLC is the motif described in CoV-1. B: conserved CoV-1 sequences of Orf3b. The header of alignment

shows the amino acid positions highlighting nonconsensus sequences.
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Fig. 5. Characteristic motif in open-reading frame 7a (Orf7a). A: ADNK motif in Orf7a. B: Orf7b with characteristic LEXQDXX motif with good epitope sites.
The header of alignment shows the amino acid positions highlighting nonconsensus sequences.

SARS-CoV-2 NONCODING RNA REGULATION OF HOST
MITOCHONDRIAL FUNCTION

Some of the CoV-1 and CoV-2 regions show similarities
to that of annotated IncRNAs (NONHSAT239888) and
several nonannotated genomic regions (NONHSAT257828,
NONHSAT257829, and NONHSAT257830). We hypothe-
size that this representation and association of IncRNAs in
response to virus infection may facilitate mitochondrial
hijacking of CoV. A differential expression study determin-
ing the function of these sequences is needed to confirm the
biological relevance of IncRNA (45).

In a recent publication, Pasquier and Robichon (45) noted
that ORF3a includes a 20-base sequence that targets USP30, a
mitochondrial ubiquitin-specific peptidase 30, a subunit of
ubiquitin ligase complex (FBXO21). The 20 nucleotides pres-
ent in ORF3a of SARS-CoV-2 target the sequence AAA-
GATAGAGAAAAGGGGCT found in USP30 transcripts.
USP30 is a mitochondrial deubiquitinase involved in mito-
chondria homeostasis and controls mitophagy. SARS-CoV-2
might affect mitochondria function by altering ubiquitination
and contribute to the suppression of immunity in COVID-19
patients.

SARS-CoV-2 PROTEIN INTERACTION WITH HOST
MITOCHONDRIAL PROTEINS

A recent study by Gordon et al. (24) mapping the SARS-
CoV-2 interactions with host proteins revealed a significant

number of mitochondrial proteins interacting with the viral
proteins. These include Nsp8 (Fig. 3B) interaction with mito-
chondrial MRPS2, MRPS5, MRPS25, and MRPS27 ribosomal
proteins, ORF9c interaction with mitochondrial NDUFAF1
and NDUFBY, and Nsp7 interaction with mitochondrial
NDUFAF2. Notably, both NDUFAF]1 and -2 are critical play-
ers involved in the assembly of complex I. NDUFB9Y is an
essential subunit of complex I comprised of more than 40
subunits. Furthermore, viral M protein was described to inter-
act with ATP1B1, ATP6V1A, ACADM, AASS, PMPCB,
PITRM1, COQ8B, and PMPCA (Table 1). These proteins are
part of the critical metabolic pathways carrying mitochondrial
metabolism (24). Indeed, the authors note that approximately
55 genes were mitochondrial, and approximately 105 genes
modulated cellular function in response to bioenergetics func-
tion. Previously, studies have also reported interaction of
Cov-1 Nsp2 interaction with prohibiting protein PHB and
Nsp10 interaction with mtDNA-encoded COX II (complex IV)
and NADH4L (complex I) (20, 36). The study also identified
NDUFAI1QO as one of the master regulators of CoV-2 pathol-
ogy (26). Unfortunately, the biological significance of such
interaction is lacking. Gordon et al. (24) found CoV-2
interactions with Tomm?70. This mitochondrial import re-
ceptor plays a critical role in transporting proteins into
mitochondria and, more importantly, in modulating anti-
viral cellular defense pathways (60). These protein-protein
interactions (Table 1) may give coronavirus a local advan-

Orf8a

0 = 7 od 5 Lo 0 Cyd » = o .
gbl ACU31043.1| Cov-1|Wuhan MKLLIVLGLLTSVYC HKE.CSIQECCENQPFQ!EDPCPIHYYSDWF KIGPRKSARLVQL
gb|AT098239.1|Cov-1|Wuhan MKLLIVLGLLTSVYC HKECSIQECCENOPFQEMF DPCPIHYYSDWE KIGPRKSARLVQL
gb| AT098227.1|Cov-1|Wuhan MKLLIVLGLLTSYV HKE‘.CSIQECCENQ.FQ EDPCPIHYYSDWFEF KIGPRKSARLVQL
ref| YP_009724396.1| Cov-2|Wuhan M K GrTIV HQECSIQICIQIQ P DPCPI HIY SIW GIRKSAPL.L
gb| AVP78037.1| Cov-2|Nanjing G LT v HE@E C S Q = Q QP DPCPIH Y S w G RKSAEBL L
gb1ACU31043.1] Cov-1|Wuhan RVPIHYEMFGNYTISCEPFEINCQNPPVGSLIVRCSYDVDFMEYHDVRVVLDF
gb| AT098239.1|Cov-1|Wuhan RVPIHYEMFGNYTISCEPHEINCQNPPVGSLIVRCSYDVDFMEYHDVRVVLDF
gb| AT098227.1| Cov-1|Wuhan RVPIHY GNYTISCETP EINCQNPPVGSLIVRCSYDVDFMEYHDVRVVLDF
ref| YP_009724396.1|Cov-2|Wuhan PIEBEY GNYTIS ClP FIINCQIP.GSLIVRC S‘D FIEYHDV RVVLDF
gb| AVP78037.1|Cov-2|Nanjing PIBAY GNYT S C PF INCQ | = GS L VRCSY D F E YHD.RVVL D F

Fig. 6. Characteristic motif in open-reading frame 8a (Orf8a). Orf8a shows characteristic CXXE motif as a good epitope site. The header of alignment shows

the amino acid positions highlighting nonconsensus sequences.

AJP-Cell Physiol - doi:10.1152/ajpcell.00224.2020 - www.ajpcell.org
Downloaded from journals.physiology.org/journal/ajpcell (047.202.169.147) on June 3, 2022.



SARS-CoV-2 HJACKING OF HOST MITOCHONDRIA

C263

Orfob

. 2 . i . 2 , i . £ ; i
gb|ACU31041.1| CoV-1|Wuhan MLPSCYNFLKEQHCQ.ASTQ.GAEAAVKPLLAHHVVAVIQEIQLLAAVGEILL_LEWLAE
sp|Q3I515.1| CoV-1-Bats MLPSCYNFLKE‘QHCQKASTQKGAEAAVKPLLAHHVVAVIQEIQLLAAVGEIL‘VQ‘LEWLAE
gb|AAZ67042.1|CoV-1|Wuhan MLPSCYNE‘LKEQHCQKASTQKGAEAAVKPLLAHHVVAVI.EIQLLAAVGEILLLEWLAE
gb|ACZ71988.1|CoV-1|USA MLPPCYNFLKEQHCQEKASTAQ AEAAVKPLLAPHHVVAVIQEIQLLAAVGE.LLLEWLAE
gb|AHX37568.1] CoV-1|Jilin MLPSCYNFLKEQHCQKASTAQK AEAA.KPLLAPHHVVAVIQEIQHLAAVGEILLLEWLAE
gb|AAU04674.1| CoV-1| Civet,_Beijing MLLPCYNFLKEQHCQKASTQ AEAAVKPLLAPHHVVAVIQEIQLLAAVGEILLLEWLAE
gb|AAV49741.1|CoV-1]|Civet,_Changping M PCYNFLKEQHCQKASTQ AEAAVKPLLAPHHVVAVIQEIQLLAAVGEILLLEWLAE
gb|AAZ67038.1|CoV-1|_horseshoebats,Wuhan M L CYNE‘LKEQHCQKASTQKGAE.VKPLLAPHHVV IQEQLLAAVGEILLLEWLAE
gb|AIA62287.1|CoV-1]Orfob ML P YNFLKEQHCQKASTKGAG VKPLLAPHHVYV IQEEIQLLAAVGEILLLEWLAE
gb|ARO76392.1|CoV-2|Beijing MLPSCYNFLKEQHCQKASTQ AEAAVKPLLAPHHVVAVIQEIQLLAAVGEILLLEWLAE
sp|Q7TLC7.1|CoV-2\Wuhan MLPPCYNFLKEQHCQKASTAQ AEAAVKPLLAPHHVVAVIQEIQLLAAVGEILLLEWLAE
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Fig. 7. Characteristic motif in open-reading frame 9b (Orf9b). Orf9b shows characteristic DAXX motif as a good epitope site. The header of alignment shows

the amino acid positions highlighting nonconsensus sequences.
tage in manipulating mitochondria to suppress anti-viral
response and host immunity.
FUNCTIONAL DOMAINS OF VIRAL PROTEINS
To explore the host targeting by the viral proteins, we

inspected the subcellular localization of ORFs and observed

Table 1. Predicted SARS-CoV-2 RNA and protein
interaction with host mitochondrial proteins

Interacting Mitochondrial Proteins Ref. No.
Viral RNA
Mitochondria Unknown 64
localized
Orflab
S
Orf3a
E
M
Orf6
Orf7a
Orf7b
Orf8
N
Orf10
Viral protein
Nonstructural proteins
Nsp2 PHB 20
Nsp7 NDUFAF2 24
Nsp8 MRPS2, MRPSS5, MRPS25, 24
MRPS27
Nspl0 NADHA4L, COX II 36
Structural protein
M ATP1B1, ATP6VIA, ACADM, 24
AAAS, PMPCB, PITRMI,
PMPCA, COQS8B
Accessory proteins
Orf7a Bel-XL 58
Orf8a Mitochondria localized, 13
interaction unknown
Orf9b MAVS 50
Orf9c NDUFAF1, NDUFB9 24

ACADM, acyl-coenzyme A dehydrogenase; ATP1B1, sodium/potassium-
transporting ATPase subunit-B1; ATP6V1a, V-type proton ATPase catalytic
subunit A; COQ8B, coenzyme Q8B; COX II, cytochrome ¢ oxidase subunit IT;
E, envelope protein; M, membrane protein; MAVS, mitochondrial antiviral
signaling protein; MRPS, mitochondrial ribosomal protein S; N, nucleocapsid
protein; NDUFAF, NADH:ubiquinone oxidoreductase complex assembly fac-
tor; Orf, open-reading frame; PHB, prohibitin; PITRM1, pitrilysin metallopro-
teinase 1; S, surface spike glycoprotein.

that ORF7a and ORF8 contain NH,-terminal signal peptide
anchors. Although from the predictions they are shown to
harbor signal peptides, the attachment of proteins to the extra-
cellular membrane is prenylated. It appears that the combina-
torial occurrence of domains and motif is associated with the
proteins. For example, ORF3a shows motif exchange and
similarity with LWLC associated with viral expression (44).
Likewise, ORF7a is related to a motif ADNK, which might
have evolved to resemble host protein motifs associated with
the respiratory mechanisms in the host cells. These motifs
indicate that they are functionally mimicking the binding sites
of the proteins in carrying out the interactions. Although the
sequence similarity and motifs are strain/sample specific, the
superfamily domains these proteins are associated with do not
show any particular links to human homologs.

MITOCHONDRIA AND SEX-SPECIFIC MORTALITY

Compared with women, SARS-CoV-2 infection results in a
high rate of mortality in older men (Fig. 8). The underlying
cause of the high frequency is unknown. Both androgen and
estrogen are known to regulate mitochondrial function.
TMPRSS2 is induced by androgen and regulated by androgen
receptor (16). It is conceivable that a high prevalence of
mortality in men is due to androgenic induction of TMPRSS2.
Furthermore, androgen receptors as well as estrogen receptors
localize the mitochondrial compartment and regulate mito-
chondrial function. It is plausible that the hormonal regulation
of mitochondrial targets and functions differs between men and
women, which may contribute to a difference in susceptibility.
Other hallmarks of aging, such as changes in epigenetic pat-
terns, exhibiting different expressions in older men than age-
matched women (4, 30), may underlie factors involved in
sex-specific mortality.

HOST GENETIC DIVERSITY AND SEVERITY OF COVID-19

Differences in mitochondrial genetic makeup contribute to
functional differences in the mitochondrial function in tissues,
organs, and organisms as a whole. Thus mitochondrial variants
have different metabolic capacities, resulting in differences in
anti-viral and inflammatory responses (34). Interestingly, the
association between mtDNA haplogroups and ICU outcomes
has been reported (56). Mitochondrial function declines with
age and consistently reduces the level of mtDNA. Studies at
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the level of mtDNA in plasma of COVID-19-affected people
and their ages may help in understanding whether the mtDNA-
dependent systemic inflammation is deranged in aged people or
whether individuals (or populations), albeit at young ages, may
be endowed with mtDNA variants that are abnormally proin-
flammatory/and prone to being released (56).

@
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o
o

Fig. 8. COVID-19-related frequency of occurrence
among males and females in significant countries. Data
from various countries were obtained from their official
sources. These include China (http:/www.chinacdc.
cn/en/), India (https://www.COVID19india.org/), Iran
(behdasht.gov.ir), Australia (www.health.gov.au/
COVID-19), the United States (coronavirus.gov), and
European countries https://www.ecdc.europa.eu/en/
COVID-19/sources-updated).
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AGING HALLMARKS AND MORTALITY

Aging is characterized by a progressive decline in cellular
function, resulting in increased susceptibility to age-related
morbidity and mortality. Mitochondrial dysfunction is one of
the hallmarks of aging that contributes significantly to the
physiology of aging as well as the pathophysiology of age-
related disorders. In most of the COVID-19 patients, systemic
hyper inflammation leads to severe and often lethal outcomes.
Aging is also characterized by systemic inflammation de-
scribed as inflammaging and immunosenescence, an impair-
ment of acquired immunity (7, 22). It is conceivable that the
decline in these critical players of aging contributes to the high
rate due to CoV-2 infection.

Mitochondrial dysfunction induces senescence (62). Senes-
cent cells are accumulated during aging and acquire the senes-
cence-associated secretory phenotype (SASP), which contrib-
utes to inflammaging (19, 22). Senescence impairs macro-
phages, which protect against infection (22). Macrophages are
critical factors in protecting the lung after infection by SARS-
CoV-2 (39). It is likely that older individual senescent macro-
phages are less active in protecting inflammation induced by
COVID-19 (28, 39, 47) and cause lethality. These observations
support the notion that aging-associated inflammaging and
immune senescence compromise robust responses as in young
individuals to protect against the SAR-CoV-2 high rate of
mortality. Notably, the clinical manifestations in the most
severe patients show a cytokine storm in which interleukin-6
(IL-6) values turn out to be significantly high. The extent of
inflammaging differs between aged men and woman. High
levels of IL-6 are found in older men compared with age-
matched women (56). High levels of IL-6 may result in
negative outcomes of COVID-19 in older men affected by
comorbidity.

Another mechanism involves mtDNA directly to trigger host
immunity. In this mechanism, upon viral infection, mtDNA
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leaks out of the mitochondria, into the cytoplasm, and into the
extracellular space and induces innate immunity and inflam-
mation. This is an evolutionarily conserved signaling mecha-
nism induced upon many types of viral infection. Interestingly,
high levels of circulating mtDNA are reported in older indi-
viduals (46). Older individuals suffering from COVID-19 may
release mtDNA, resulting in the onset of a detrimental inflam-
matory response.

Additional factors that may contribute to age-related mor-
tality include differences in ACE2 expression between young
and older individuals. Several studies suggest that ACE2 is
downregulated in aging (11, 49), which may contribute to the
increased risk of vascular injury and cardiovascular disease
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Fig. 9. Mechanisms involved in SARS-CoV-2 hijacking of host mitochondria.
Schematic showing the SARS-CoV-2 entry into the host cell utilizing angio-
tensin-converting enzyme carboxypeptidase 2 (ACE2), a polymorphic protein
that regulates mitochondrial function. Upon entry into the cells, viral RNA and
proteins localize to mitochondria. Postinfection noncoding RNA may also
regulate host proteins (such as USP30) involved in mitochondrial dynamics.
SARS-2-CoV-2 appears to hijack host mitochondria to suppress host immunity
by regulating mitochondrial dynamics, mitochondrial function, and mtDNA
release. Hijacking mitochondria may be one of the essential mechanisms
leading to COVID-19.
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affecting older men (49). ACE2 is also downregulated in
patients with type 2 diabetic men with severe COVID-19
outcomes (9). In contrast, ACE2 is overexpressed in women
compared with men (14).

HOST IMMUNE SUPPRESSION BY MITOCHONDRIAL
HIJACKING

Mitochondria serve as a signaling platform for mitochon-
drial anti-viral signal (MAVS). Mitochondria are involved in
inflammation and both innate and adaptive immunity (41).
Many single-strand positive RNA viruses similar to SARS-
CoV-2 induce an inflammatory response that involves the
mitochondrial biogenesis, mitochondrial fusion, fission, and
mtDNA release to outside the cell. This phenomenon is de-
scribed as neutrophil extracellular trap (NET)osis mechanisms
(based on NET formation) (8). The release of mtDNA is an
ancestral cell stress mechanism that triggers local and systemic
trigger of inflammation. Upon cell stress or damage, mtDNA
leaks out into the cytoplasm and then outside, where it triggers
inflammation and anti-viral response, which involves cytoplas-
mic AIM2 and/or endosomal/extracellular TLR9. Levels of
mtDNA increase with the severity of damage and correlate
with the onset of multiorgan failure in patients affected by
multiple systemic conditions observed with acute respiratory
distress (52).

MITOCHONDRIAL INTERVENTIONS

Presently, a large number of drugs are being repurposed
against COVID-19 disease. These include, e.g., remdesivir,
lopinavir/ritonavir, and anti-inflammatory agents such as chlo-
roquine and tocilizumab (21, 38). It is likely that drugs that
modulate mitochondrial function and inhibit inflammation may
help treat patients with COVID-19.

Figure 9 provides the schematic describing the conceptual
framework related to SARS-CoV-2 hijacking of mitochondria
resulting in COVID-19 disease. A schematic shows how the
SARS-CoV-2 enters into the host cell utilizing ACE2, a poly-
morphic protein that regulates mitochondrial function. Upon
entry into the cells, viral RNA and RNA transcript translocate
to mitochondria to hijack and manipulate host mitochondria to
suppress host immunity. We do not yet know how CoV-2 RNA
localized to mitochondria to impact immunity. It is likely that
it involves multiple mitochondrial mechanisms at different
levels. Conceivably, postinfection noncoding RNA may regu-
late USP30, a host protein that controls mitochondrial dynam-
ics (fission and fusion). SARS-2-CoV-2 also can manipulate
the release of mtDNA, leading to inflammation. Thus, the
hijacking of mitochondria may be an essential mechanism in
the induction of COVID-19 disease. These observations sug-
gest that drugs that selectively restore mitochondrial function
and promote mitochondrial biogenesis may serve as anti-
inflammatory agents to prevent or treat COVID-19.
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