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Abstract
The recent pandemic outbreak of coronavirus is pathogenic and a highly transmittable viral infection caused by Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV2). In this time of ongoing pandemic, many emerging reports suggested that
the SARS-CoV-2 has inimical effects on neurological functions, and even causes serious neurological damage. The neurological
symptoms associated with COVID-19 include headache, dizziness, depression, anosmia, encephalitis, stroke, epileptic seizures,
and Guillain-Barre syndrome along with many others. The involvement of the CNS may be related with poor prognosis and
disease worsening. Here, we review the evidence of nervous system involvement and currently known neurological manifesta-
tions in COVID-19 infections caused by SARS-CoV-2. We prioritize the 332 human targets of SARS-CoV-2 according to their
association with brain-related disease and identified 73 candidate genes. We prioritize these 73 genes according to their spatio-
temporal expression in the different regions of brain and also through evolutionary intolerance analysis. The prioritized genes
could be considered potential indicators of COVID-19-associated neurological symptoms and thus act as a possible therapeutic
target for the prevention and treatment of CNS manifestations associated with COVID-19 patients.
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Introduction

The outbreak of novel coronavirus, known as SARS-CoV-2,
has challenged the healthcare community around the world.
The ability of high infectivity and transmissibility even during
the asymptomatic phase resulted in rapid transmission of the
virus around the globe, leading to a pandemic situation. The
COVID-19 pandemic is of a scale not seen since the 1918
influenza pandemic. The first case of COVID-2019 was
founded in Wuhan, China, on December 8, 2019
(Thompson 2020). As of mid-week, of July, 2020, reported
cases of COVID-19 surges past 13.8 million around the world
and deaths surpasses over 59 lakhs. The clinicians and pathol-
ogists realized that even though the lungs are main target, the
viral infection can spread to other organs such as heart, blood-
vessels, kidney, gut, and brain (Wadman et al. 2020).

The COVID-19 is a single-stranded positively sensed RNA
virus, consisting of 26–32 kb-sized genome. The average di-
ameter is 100 nm, spherical, or oval-shaped. The rate of re-
combination is up to 25% and is externally covered by a
crown shaped like spike (S) proteins, which also can mutate
frequently (Wrapp et al. 2020). These characteristics illustrate
the adaptability of the virus to change its infectivity over time.
The angiotensin-converting enzyme 2 (ACE2) receptors,
which normally helps to regulate blood pressure, is abundant-
ly expressed in the lungs. The spike proteins of the COVID-19
bind to ACE2 receptors to invade the cell and develop the
infection (Yan et al. 2020). Once the virus controls the host’s
cell machinery, it starts making countless copies of itself for
infecting other cells.

The COVID-19 predominantly affects the respiratory sys-
tem; however, there are plentiful numbers of evidences sug-
gesting that SARS-CoV-2 can be neuroinvasive, resulting in
neurological complications (Troyer et al. 2020; Gklinos 2020;
Leonardi et al. 2020). The literature search through the
Dimension, a scholarly search database (https://www.
dimensions.ai/), we found over 1500 publications related to
the search term “COVID-19 and Nervous System.”
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A recent updated review by Ellul et al (Ellul et al. 2020)
showed increasing evidences of the neurological manifesta-
tions in COVID 19 patients; about 901 patients of COVID
19 with the neurological manifestations have been reported.
Although the neurological complications are rare in other co-
rona viruses, the minimum frequency of CNS and PNS com-
plications ranged from 0.04% for SARS to 0.20% for MERS
and 0.05% for SARS to 0.16% for MERS respectively (Ellul
et al. 2020)

A systematic updated review byWhittaker et al. (Whittaker
et al. 2020) discussed neurological manifestations of COVID-
19 by summarizing 31 studies. These studies reported mani-
festations like Guillain-Barre syndrome (GBS), headache, ol-
factory dysfunction, and acute cerebrovascular accidents.

In early March 2020, the Beijing Ditan Hospital reported
the first case of viral encephalitis in COVID-19 patients, af-
fecting the central nervous system (CNS). The researchers
confirmed the presence of SARS-CoV-2 in the cerebrospinal
fluid (CSF) by genome sequencing (Xiang et al. 2020).
Subsequently, another case of viral encephalitis was reported
in Japan where SARS-CoV-2 was identified in the CSF in the
absence of nasopharyngeal positivity, suggesting the possibil-
ity of direct infection or indirect routes of transmission such as
hematogenous path (Moriguchi et al. 2020). A retrospective
series of 214 consecutive hospitalized COVID-19 patients
spanning from January 16, 2020, to February 19, 2020, from
Wuhan described the neurological manifestations of patients
(Mao et al. 2020a). A total of 126 (58.9%) of 214 patients with
COVID-19 had non-severe infection, while 88 (41.1%) pa-
tients had severe infection based on respiratory status. The
most common symptoms at onset of illness were fever
(61.7%), cough (50.0%), and anorexia (31.8%). Seventy-
eight (36.4%) patients were found to have neurologic mani-
festations. These neurologic manifestations were classified as
CNS (24.8%), PNS (8.9%), and skeletal muscle injury
(10.7%). In patients with CNS manifestations, the most com-
mon reported symptoms were dizziness (16.8%) and head-
ache (13.1%), whereas in patients with PNS symptoms, the
most common reported symptoms were taste impairment
(5.6%) and smell impairment (5.1%). Besides these, other
disorders were analyzed including hypertension, diabetes, ce-
rebrovascular disease, and malignant and chronic kidney dis-
eases. In a French case series of 58 intensive care patients with
COVID-19, 69% were encephalopathic with agitation or con-
fusion, including 67% with corticospinal tract signs. Thirty-
three percent who had been discharged had a dysexecutive
syndrome (Helms et al. 2020a; Helms et al. 2020b).

In the first 3 weeks of the exponential phase of the pan-
demic, UK-wide surveillance system, (CoroNerve) reported
153 COVID-positive cases with a median age 71 (range was
23–94) years. Out of these 153 cases, 77 (62%) had a cere-
brovascular manifestation including, 57 (74%) ischemic
strokes, nine (12%) intracerebral hemorrhages, and one CNS

vasculitis. The second most common group, 39 (31%) had
altered mental status, including 16 (41%) with encephalopa-
thy of those, 7 (44%) had encephalitis. The remaining 23
(59%) had a psychiatric manifestation, including 10 (43%)
with psychosis, 6 (26%) neurocognitive (dementia-like) syn-
drome, and 4 (17%) an affective disorder (Varatharaj et al.
2020).

Recently, a systematic review and meta-analysis by Rogers
and colleagues (Rogers et al. 2020) showed the neuropsychi-
atric manifestations of SARS- and MERS-CoV during differ-
ent illness stages. The symptoms like insomnia (41.9%), anx-
iety (35.7%), memory impairment (34.1%), depression
(32.6%), and confusion (27.9%) were observed during acute
illness. During post-illness stage, sleep disorder (100%), trau-
matic memories (30.4%), fatigueness (19.3%), memory im-
pairment (18.9%), irritability (12.8%), anxiety (12.3%), in-
somnia (12.1%), and depression (10.5%) were commonly ob-
served. Moreover, there was evidence for delirium
(confusion) in 65% of intensive care unit patients and altered
consciousness in 21% of patients who subsequently died in
another study (Rogers et al. 2020).

A very recent study showed the neuroinvasive nature of the
virus and the likely routes of transmission to the CNS through
transmission electron microscopy of the brain tissue of a 74-
year-old male COVID-19 patient (Paniz-Mondolfi et al.
2020). The studies clearly showed the presence of 80 to
110 nm viral particles in the frontal lobe, and in small vesicles
of endothelial cells. Also, the blebbing of viral particles in or
out of the endothelial wall indicates the viral entry or exit
across the brain microvascular endothelial cells into the neural
system. Moreover, neural cell bodies exhibited enlarged cyto-
plasmic vacuoles containing enveloped viral particles with
distinct stalk-like projections. Also, autopsy reports have re-
vealed brain tissue edema and partial neuronal degeneration in
dead patients (Xu et al. 2020). Furthermore, in India, a 72-
year-old patient showed up with acute onset cerebellar ataxia
followed by encephalopathy. When diagnosed, the results
showed that he was suffering with SARS-CoV-2-induced
pneumonia, and revealed that the neurological manifestations
could be the earlier symptoms of COVID-19 (Lahiri and
Ardila 2020).

Routes to SARS-CoV-2 infection
in the nervous system

The neuroinvasive nature of coronavirus has been illustrated
as common features. The SARS-CoV and SARS-CoV-2
showed the greater similarity; it is quite possible that they also
possess a similar potential. The neurotrophic viruses may en-
ter the brain by multiple routes including direct and indirect
pathways (Fig. 1).
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The virus gains entry by infecting endothelial cells of the
blood-brain-barrier, epithelial cells of the blood-CSF barrier in
the choroid plexus, or using inflammatory cells to enter the
CNS (myeloid cell trafficking). More importantly, the virus
can utilize retrograde axonal transport to reach the CNS.
Retrograde axonal transport may occur through the olfactory,
respiratory, and enteric nervous system networks. After infect-
ing the nasal cells, the virus can invade into the brain directly,
possibly through the olfactory bulbs and rapidly extend to
specific brain areas such as the thalamus and brainstem, caus-
ing inflammation and demyelinating reaction (Bohmwald
et al. 2018). It explained that viral infection may infect the
nasal passage and causing the disruption of senses of smell
and taste. The increasing evidence shows that COVID-19may
gain access to the CNS through a synapse-connected route
after invading peripheral nerve terminals of the respiratory
network (Li et al. 2020).

Also, the SARS-CoV-2 could utilize the sympathetic affer-
ent neurons of the enteric nervous system (ENS) to gain the
access to CNS during infection in gastrointestinal tract (Toljan
2020). Epidemiological surveys on COVID-19 illustrated that
the average time from initial symptoms to the intensive care
took around 8 days, and the window period of the virus is
sufficient for invading and devastating the medullary neurons
(Wang et al. 2020). The conditions may get worsened for
COVID-19 patients with pre-existing neurological disorders.

The receptor for SARS-CoV-2 to invade the host’s cells is
ACE2. ACE2 also contributes majorly in controlling vasocon-
striction and blood pressure and are associated with cardiovas-
cular functions. ACE2 expresses in number of cell types in-
cluding the lung, kidney, intestine, and brain. In the brain,

ACE2 also expresses in brainstem nuclei, and plays role in
cardio-respiration regulation (Baig et al. 2020). Thus, the in-
teraction of spike proteins with ACE2 receptors in brainstem
nuclei can also accompany respiration problems in COVID-
19 patients. A medical graduate student from Wuhan
University, a COVID-19 survivor, complained about natural
breathing that she had to stay conscious and must breathe
continuously and actively during the intense care.
Otherwise, if she fell asleep, she might die because she had
lost her natural breath (Li et al. 2020). The virus may spread-
out trans-neuronally to distant brain targets, same as the other
neurotropic viruses (McGavern and Kang 2011). Even when
the virus moves from lungs to the medulla and travels from
synapses to cardiorespiratory neurons in the brain, the infec-
tion of cardiorespiratory neurons may terminate the function
properly by inhibiting spontaneous breathing (Wu et al. 2020).
The ACE2 receptors are also expressed in capillary endothe-
lium. The virus by interacting with ACE2 may damage the
BBB and gain access to the CNS via attacking vascular sys-
tem (Wu and Yang 2020).

The virus can also reach the cerebral circulation via blood
circulation. The sluggish circulation of blood within mirco-
circulations may facilitate the binding of spike protein with
ACE2 receptors expressed on the capillary endothelium.
Furthermore, the damaging of endothelial lining due to in-
creased viral particles can facilitate the viral access to brain.
Once the virus reaches the neuronal tissues, spike proteins
interact with ACE2 receptor expressed on neuronal cells,
and starts the cycle of viral replication, accompanied by neu-
ronal destruction without substantial inflammation, which has
been seen with cases of SARS-CoV in previous years (Baig

Fig. 1 The mechanism of
coronavirus infections and
neurological damage caused by
SARS-CoV-2. The coronavirus
can enter the nervous system
directly through the olfactory
nerve, blood circulation, ACE2 in
brainstem, immune injury, and
neuronal pathways, resulting in
neurological disorders. The
COVID-19 infection in the gas-
trointestinal tract could use the
enteric nervous system (ENS) and
its sympathetic afferent neurons
to reach the CNS
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et al. 2020). A report of Dutch COVID-19 patients showed the
abnormal clotting of blood. The blood clots can break and
move to different parts of the body; it can even land in lungs
and block vital arteries and cause pulmonary embolism, which
is reported as vital in COVID-19 patients. The blocking of
arteries in brain due to blood clots can cause stroke
(Wadman et al. 2020).

Neurological manifestations

The neurological manifestation and complications can be di-
vided into central nervous and peripheral nervous systems.

CNS manifestations

The central nervous system manifestations include epilep-
sy, ataxia, encephalitis, impaired conscious, Acute
Hemorrhagic Necrotizing Encephalopathy (ANE), and
headache. Encephalitis refers to the inflammatory lesions
in the brain, which includes nerve tissue lesions and neu-
ronal damage. Moriguchi and colleagues reported a 24-
year-old patient, in Japan, associated with encephalitis
who was admitted in hospital with fever followed by sei-
zure and unconsciousness (Moriguchi et al. 2020). Wong
et al. reported another case from the UK of a man, 40
years old with ataxia, bilateral facial weakness, diplopia,
and oscillopsia. Thirteen days earlier, he had fever and
progressive shortness of breath, followed by a productive
cough and diarrhea (Wong et al. 2020). Headaches and
dizziness are considered the non-specific minor symptom,
associated with COVID-19 patients. The encephalopathy
is reported in 40% of the patients (Mao et al. 2020a).
Filatov et al. (Filatov et al. 2020) reported a case of a
74-year-old man with medical history of multiple diseases
along with chronic pulmonary and Parkinson disease, who
visited the emergency department of the hospital with
cough and fever. The initial checkup did not represent
any serious issues and he was sent home; later, he ap-
peared again with a worsened condition and was tested
COVID-19-positive. The Acute Hemorrhagic Necrotizing
Encephalopathy (ANE) is developed because of the cyto-
kine storm and causes disruption in the blood-brain barri-
er, and neuroinflammation which leads to the dysfunction
of the brain.

The viral infections also trigger the “cytokine storm”which
in response can lead nervous system damage. The cytokines
are small chemically induced signaling molecules that pro-
duce healthy immune response. In a cytokine storm, the level
of few cytokines soars farther than what is required, and in
response, the immune cells of the body starts to strike healthy
tissues. The ANE causes neuroinflammation and leads to dys-
f un c t i o n o f t h e b r a i n (Poy i a d j i e t a l . 2 020 ) .

Neuroinflammation caused by ANE resulting from cytokine
storm characterized mainly by the increased production of the
IL-6, which in turn have been activated by T helper cells,
produced GM-CSF. Cytokine storm may also cause a surge
in interleukins, interferons, monocytes, macrophage inflam-
matory proteins, and tumor necrosis factors leading to
hyperinflammation. This systematic inflammation causes se-
vere encephalopathy in the patient, which may leads to stroke
(Mehta et al. 2020). The necrotizing hemorrhagic encephalop-
athy symptoms are endorsed from the CT scan images and
MRI scan in COVID-19 patients. The immune-mediated
events, either through the cytokine or chemokine pathways
or via T cell, may ultimately lead to vascular leakage, demy-
elination, activation of complement and coagulation cascade,
and end-organ damage (Natoli et al. 2020; Ahmad and
Rathore 2020). The nervous system damage caused via viral
infection and accompanied by the immune system is positive-
ly correlated with the severity of COVID-19 symptoms.

Poyiadji et al. (Poyiadji et al. 2020) reported the first
case of COVID-19 associated with ANE from the USA. A
female patient with 3 days history of cough, fever, and
altered mental status appeared in a hospital. She was test-
ed COVID-19-positive, and negative for Herpes simplex 1
and 2 virus. Later, the MRI scan of the patient brain dem-
onstrated enhanced lesion in multiple regions, confirming
the case of ANE.

During the COVID-19 infection, patients are likely to
develop cerebrovascular accidents. Sharifi and colleagues
(Sharifi-Razavi et al. 2020) reported a case of a 79-year-
old COVID-19 patient, admitted in an emergency in a
semi-conscious state, who had fever and cough in the past
few days. The CT scan reports revealed a massive bleed-
ing within the right hemisphere with the intraventricular
and subarachnoid extension. The authors suggested that,
maybe the dysregulation of ACE2 receptors leads to ce-
rebral autoregulation, sympatho-adrenal system and cere-
bral blood flow could have resulted in the bleed. A Dutch
patient infected with COVID-19 showed the abnormal
clotting of blood. The blood clots can break and move
to different parts of the body; it can even land in the lungs
and block vital arteries, causing pulmonary embolism,
which is reported as vital in COVID-19 patients. The
blocking of arteries in the brain due to blood clots can
cause stroke (Wadman et al. 2020).

Cytokine storms and hyperinflammatory responses can
cause acute myelitis. Kang Zhao reported a case from
Wuhan, a 66-year-old man who was admitted to a hospital
with fever and body ache symptoms; later, he developed
acute flaccid paralysis of the lower limbs and sensory
level at T-10 with bowel and urinary uncontrollable leak-
age. Later, the PCR test confirmed the positive infection
of COVID-19 in the patient along with patchy pneumonia
observed via chest CT scans (Zhao et al. 2020a).
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PNS manifestations

The peripheral nervous systemmanifestation includes skeletal
damage, anosmia, chemosensory dysfunction, and Guillain-
Barre Syndrome (GBS). Anosmia and chemosensory dys-
function were higher in the COVID-19 patients as compared
with COVID-19-negative cases. A biologist, Alessandro
Laurenzi, and many other COVID-19 patients in Italy
complained about the loss of taste and smell (Yeager 2020).
In a recent multicenter European study, 417 COVID-19 pa-
tients were studied, in which 85.6% patients had been diag-
nosed with olfactory dysfunction and 88.8% patients reported
gustatory disorders. The otolaryngologist reported sudden an-
osmia or hyposmia as concurrent symptoms of COVID-19
infection. Among them, in 11.8% of patients, the olfactory
dysfunction appeared before COVID-19 symptoms, 65.4%
patients reported after COVID-19 symptoms, and 22.8% re-
ported at the same time of COVID-19 general symptoms.
Within the first 8 days, around 72.6% of patients recovered
their olfactory functions (Lechien et al. 2020).

Mao et al. (Mao et al. 2020b), in his study of 214 Chinese,
reported that 5.6% and 5.1% of patients showed impairment in
taste and smell, respectively, though no taste dysfunction and
anosmia are reported in COVID-19-positive patients of the
French region.

So far, 8 cases of COVID-19 associated with Guillain-
Barre Syndrome (GBS) have been reported in China, Iran,
and Italy. The first case of GBS reported was a 61-year-old
woman in Wuhan City, China. The patient was admitted with
acute weakness in her legs and severe fatigueness (Zhao et al.
2020b). Nerve conduction studies and electromyography
showed nerve roots and peripheral nerve inflammation sug-
gesting demyelinating polyneuropathy. The patient was tested
COVID-19-positive, and after the treatment was provided, the
patient showed a good motor recovery.

Sedaghat et al. (Sedaghat and Karimi 2020) reported a case
from Iran, a 61-year-old diabetic patient who had fever,
cough, and irregular dyspnea from two weeks before diag-
nosed with ascending paralysis leading to tetraplegia and bi-
lateral facial paralysis. Acute motor and sensory axonal neu-
ropathy were suggested after conducting the nerve conduction
studies and electromyography studies.

Camdessanche et al. reported a 64-year-old man with 2
days history of cough and fever, who tested positive for
COVID-19 and later developed paraesthesia in the hands
and feet and progressive weakness in all the limbs on the 9th
day of hospital admission, with areflexia and loss of vibration
sense, then developed dysphagia and respiratory insufficiency
(Camdessanche et al. 2020).

Virani and colleagues (Virani et al. 2020) reported a case,
from the USA, of a 54-year-old male having GBS who was
admitted to a hospital because of a rapidly progressing upper
body paralysis leading to difficulty in respiration and later was

tested positive for COVID-19. Since respiratory-related prob-
lems are common in COVID-19 patients and are also the
probable reasons of GBS development in patients, the GBS
should be considered a COVID-19 neurological complication.

The skeletal muscle injury reported in Mao et al.’s report
shows about 19.3% of patients and 4.8% of patients in the
severely ill and in the non-severe groups, respectively (Mao
et al. 2020a). A report from China by Jin et al. reported a 60-
year-old man with COVID 19 who, 15 days later of onset,
developed weakness and tenderness in the lower limbs (Jin
and Tong 2020). It might be due to the effect of the virus
directly on muscle tissues, or it could be the elevated response
of cytokines in serum produced via infection-mediated im-
mune response, resulting in damaging the skeletal muscle
(Ahmad and Rathore 2020).

Gene prioritization through disease-gene
association data

We have retrieved the list of 331 genes of humans known to
interact with SARS-CoV-2 proteins fromGordan et al.’s study
(Gordon et al. 2020). The gene-disease association data of 331
genes was retrieved from the GeneORGANizer database
(Gokhman et al. 2017). GeneOrganizer database provides
gene-disease, gene-phenotype, and gene expression region
data of humans curated from human phenotype ontology
(HPO) and DisGeNET tools. Out of 331 genes, 73 genes were
showing their expression in the brain; their gene-disease and
gene-phenotype associations were retrieved from the
GeneOrganizer database. Genes having Human Phenotype
Ontology (HPO) database–classified phenotypes were consid-
ered for further studies. Table 1 represents the interaction of
COVID-19 proteins with the selected 73 genes. We construct-
ed a protein-protein interaction network with the identified 73
genes using STRING plugin of a Cytoscape tool (Shannon
et al. 2003); a network of 73 nodes and 81 edges were pre-
pared (Fig. 2a). Gene ontology (GO) analysis of these 73
genes using DAVID (Sherman and Lempicki 2009) revealed
that the genes are enriched in energy metabolism involving
oxidation-reduction, nucleotide binding, electron carrier activ-
ity, and transport and regulation of neuronal apoptosis (Fig.
2b). The KEGG pathway enrichment analysis revealed the
role of the genes in aminoacyl-tRNA biosynthesis.

Furthermore, we used Enrichr (Kuleshov et al. 2016), a
web-based server for gene-set enrichment analysis and which
provides different summaries of collective functions of gene
lists. The disease enrichment analysis through DisGeNET
(Pinero et al. 2020) revealed that the genes are mostly signif-
icantly associated with intellectual disability, development
and cognitive delay, mental and motor retardation, and gener-
alized hypotonia (Fig. 3a). Also, the enrichment through
Jensen DISEASE (Pletscher-Frankild et al. 2015) analysis
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showed that genes are highly associated with neurodegenera-
tive disease, intellectual disability, andmitochondrial complex
I deficiency (Fig. 3b). Overall, these results clearly showed
that the gene signatures are largely involved in neurological
manifestations following SARS-CoV-2 infection.

Network topological properties like degree of connectivity
and betweenness centrality were calculated using a network
analyzer plugin which showed seven genes with higher degree
of connectivity and betweenness centrality value, and was
considered hub genes. Hub genes are considered the most

influential genes in controlling the network. The hub genes
were LOX, FBN1, PRKACA, RHOA, PCNT, AKAP9, and
CEP135. Many of these genes were found to interact with
NSP13 of SARS-CoV-2 (PRKACA, CEP135, PCNT, and
AKAP9) (Gordon et al. 2020). The NSP13 is a 596 amino
acid–long, triangular pyramidal–shaped protein comprising 5
domains (Mirza and Froeyen 2020). It plays an important
function in catalyzing the unwinding of duplex oligonucleo-
tides into single strands in an NTP-dependent manner. The
protein LOX interacts with ORF8 of SARS-CoV-2. The

Table 1 COVID-19 targets expressed in the brain

SARS-CoV-2 proteins Genes Count

M protein AASS, ACADM, ETFA, PMPCA, TARS2 5

N protein RBM28, SNIP1 2

E protein AP3B1, 1

NSP1 PKP2, POLA1 2

NSP4 ALG11 1

NSP12 BCKDK, TCF12 2

NSP7 COMT, CYB5R3, DNAJC19, GNB1, MOGS, NDUFAF2, RAB18, RAB7A, RHOA, SCARB1 10

NSP8 EXOXC3, EXOSC8, LARP7, NARS2, SEPSECS 5

NSP9 FBLN5, FBN1, FN2, MIB1, NUP62, POR 6

NSP2 GIGYF2 1

NSP14 GLA 1

NSP6 SIGMAR1 1

NSP13 TBK1, PRKACA, RDX, NIN, PCNT, GCC1, CEP135, CENPF, CDK5RAP2, AKAP9 10

ORF9c ACAD9, BCS1L, NDUFAF1, NDUFB9, PIGO, WFS1 6

ORF9b SLC9A3R1 1

ORF8 ADAM9, COL6A1, DNMT1, FKBP10, GDF15, IL17RA, ITGB1, LOX, MFGE8, NEU1, NGLY1,
NPC2, PLAT, SIL1, SMOC1, TOR1A,

16

NSP5 GPX1 1

ORF3a HMOX1 1

ORF10 PPT1 1

Fig. 2 (a) Protein-protein interaction (PPI) network of 73 genes from 331
human SARS-CoV-2 interacting genes showing relation to brain-related
diseases using the gene-organizer database. Red color nodes represent the

hub proteins in the network. (b) Functional enrichment analysis of genes
through GO and KEGG analysis
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ORF8 of SARS-CoV-2 is essential for viral replication. The
drug CCT-365623 is an inhibitor of LOX with an IC50 of
0.89 μM (Gordon et al. 2020). The protein RHOA interacts
with NSP7 of SARS-CoV-2, while FBN1 interacts with NSP9
of SARS-CoV-2 (Gordon et al. 2020).

The human protein kinase cAMP-activated catalytic
subunit alpha (PRKACA) encodes cyclic adenosine
monophosphate (cAMP)-dependent kinase catalytic sub-
unit alpha. In the human body, the PRKACA express in
multiple tissues including the brain, skeletal muscles, and
heart. The increase in the expression of PRKACA causes
primary pigmented nodular adrenocortical disease
(PPNAD). PPNAD is a rare condition and manifests as
ACTH-independent Cushing’s syndrome (CS). In this dis-
ease, patients suffer depression, emotional lability, mood
changes, psychosis, anxiety, mental deterioration, agita-
tion, diabetes mellitus, and hypercorticosolism (Carney
and Young Jr 1992). Centrosomal protein of 135 kDa
(CEP135) is a conserved alpha-helical protein which is
located at the centrosome throughout the cell cycle, and
its localization is independent of the microtubule network.
It plays an important role in centriole formation and elon-
gation. Pericentrin (PCNT) protein is expressed in centro-
some and is an integral part of the pericentriolar material
(PCM). PCNT is involved in multiple roles including cilia
formation, microtubule nucleation, and mitosis and as a
centrosomal scaffold for multiple signaling proteins like
PKA and PKCβII (Endoh-Yamagami et al. 2010). It is
reported in multiple diseases including microcephaly of-
ten with mental retardation (Endoh-Yamagami et al.

2010). Fibrillin-1 (FBN1) is a structural macromolecule
that polymerizes into microfibrils. It provides long-term
force-bearing structural support. The symptoms in disease
associated to FBN-1 also include obstructive sleep apnea
and stroke. A kinase anchor protein 9 (AKAP9) is a large
450 kDa scaffold protein. It is also known as centrosome
and Golgi-localized protein kinase N-associated protein
(CG-NAP). It helps in the assembly of several protein
kinases and phosphatases on the centrosome and the
Golgi apparatus. The AKAP9 is needed to maintain the
integrity of the Golgi apparatus (Witczak et al. 1999) and
microtubular nucleation the cis-side of the Golgi appara-
tus (Larocca et al. 2004).

Ras homology family member A (RHOA) encodes for
the Rho protein of GTPase family. It functions in signal
transduction as molecular switches by cycling between
the GDP-inactive and GTP-active bound states (Quilliam
et al. 1996). The Rho family of GTPases plays an impor-
tant role in various aspects of neuronal development such
as neurite outgrowth and their differentiation, dendritic
spine formation and their maintenance, and axon path-
finding. The activation of RHOA leads to the reorganiza-
tion of actin cytoskeletal into distinct structures (Govek
et al. 2005).

Lysyl oxidase (LOX) plays an important role in the forma-
tion and repair of the extracellular matrix by oxidizing lysine
residues in the elastin and collagen, and in the stabilization of
these fibrous proteins (Kumari et al. 2017). The LOX is asso-
ciated to a number of diseases including hepatitis B, hepatitis
C, and Alzheimer’s disease. Many COVID-19 patients

Fig. 3 Disease-based enrichment analysis through the Enrichr web server. Gene set enrichment analysis of top genes obtained through (a) DisGNet, and
(b) Jensen DISEASE
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reported stroke after the infection, as also reported in LOX-
associated diseases.

Gene prioritization through spatio-temporal
expression analysis

To study the spatio-temporal expression analysis of the select-
ed 73 genes, we utilize the BEST (Brain Expression Spatio-
Temporal) web server (http://best.psych.ac.cn/#) (Guo et al.
2019). This web server performs gene expression pattern anal-
ysis with reference to pre-integrated spatial-temporal expres-
sion data generated from healthy human brains. The server
utilizes eight human brain expression datasets obtained from
BrainSpan Atlas, Allen brainmap, GTEx, and other sources.
To identify clusters of co-expressed genes, weighted gene
correlation network analysis (WGCNA) was performed in
five of the eight expression datasets.

The expression pattern of selected genes in different brain
regions (spatial pattern) and age stages (temporal pattern) was
analyzed using RNA-seq Data from Brainspan and RNA-seq
Data fromGTEx, and is shown in Fig. 4. As can be seen, most
of the genes were upregulated from the neonatal stages to late
adulthood (Fig. 4a, b). In older age, the genes were moderately
upregulated in the cerebellum, hypothalamus, substantia
nigra, hippocampus, and frontal cortex (Fig. 4b). The down-
regulation of these genes in the olfactory bulb, thalamus, and
the cortical regions of the brain indicates the impairment of
sensory systems, memory, and cognition.

Furthermore, the co-expression gene cluster enrichment
analysis generated byWGCNA showed that these genes were
enriched predominantly in neurons and in astrocytes to little

extent (Fig. 4c). The most significantly enriched cluster is
present in neurons in which the most significant gene is in-
cluded. According to the expression heatmap (Fig. 4d), genes
in this cluster are expressed in multiple brain regions and in
the later stage of life. A protein-protein interaction network
was then constructed using the genes in the enriched cluster
(Fig. 4e). Among the 14 genes enriched in this cluster, the
SNIP1 (Smad nuclear-interacting protein1) and ACADM
(Acyl-CoA dehydrogenase, mitochondrial) gene has the most
connections in the co-expression network (Fig. 4e). SNIP1
plays an important role in pre-mRNA splicing as a component
of the spliceosome and is involved in the microRNA
(miRNA) biogenesis. It also downregulates NF-kappa-B. On
the other hand, ACADM is involved in mitochondrial fatty
acid beta-oxidation and lipid metabolism.

Gene prioritization by gene pathogenicity
analysis

We implemented gene prioritization using a novel framework,
EvoTol (Rackham et al. 2015) to predict whether individual
genes are likely to be disease-causing or not. The evolutionary
intolerant study by EvoTol for the 73 genes showed that there
are six genes whose average expression is > 100 TPM in the
central nervous system with < 50th percentile. Also, we iden-
tified robustly expressed genes for PNS, adult brain, and fetal
brain (Fig. 5a). These putative pathogenic genes include
CYB5R3, ITGB1, COL6A1, NPC2, RHOA, and RAB7A
arranged according to the decrease in pathogenicity. As can
be seen from the analysis, the protein CYB5R3 (cytochrome
b5 reductase 3) is highly pathogenic and is less expressed in

Fig. 4 BEST results of the 73 genes. Spatio-temporal expression heatmap
of genes (a) RNA-Seq BrainSpan dataset, and (b) RNA-Seq GTEx
dataset; (c) cell-type enrichment heatmap according to RNA-Seq GTEx;

(d) expression heatmap of enriched clusters; and (e) core co-expression
network of enriched genes
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CNS. The soluble isoform of CYB5R3 helps in the proper
function of hemoglobin, while the membrane-bound isoform
is involved in the breakdown and formation of fatty acids, the
formation of cholesterol, and the breakdown of various mol-
ecules and drugs. It interacts with SARS-CoV-2 NSP7 and
orf3 protein and hampers the electron transport process in
human hosts (Gordon et al. 2020).

EvoTol can also be integrated with information on cell-
type and tissue-specific gene expression patterns to rank genes
with respect to their pathogenicity in tissue-specific context.
This information can prove useful to prioritize disease genes
in disorders of the human system. We identified robustly
expressed and most intolerant genes (< 50th percentile) in
different human systems (Fig. 5b). We showed that these
highly pathogenic genes are consistently expressed in all the
systems, and these genes could explain the multi-system in-
volvement in COVID-19.

Furthermore, to investigate whether these eight putative
pathogenic genes were in a gene interaction network, we per-
formed a network analysis using GeneMANIA (Warde-Farley
et al. 2010) and obtained a protein interaction network (Fig.
5c). The protein network is mainly enriched in GTPase activ-
ity and extracellular organization.

Identification of genes interacting
with COVID-19 receptors

Recently, it has been established that spike protein of
COVID-19 virus shows strong binding affinity with
ACE2 and TMPRSS2 receptors and allows the virus to

enter the host’s body (Zou et al. 2020). Therefore, genes
interacting with ACE2 and TMPRSS2 receptors are signif-
icantly important, as after the virus-receptor interaction,
these genes are the first one to receive the information.
Simultaneously, any change in the expression of the genes
directly interacting with COVID-19 receptors possibly
might not allow the binding of virus to the receptors and
can serves as a potential therapeutic target. We retrieved the
list of genes interacting with ACE2 and TMPRSS2 recep-
tors from multiple literatures, uniport database, and string
database (Wicik et al. 2020; Consortium 2019; Szklarczyk
et al. 2015). Out of 73 genes showing their expression in
brain, we identified that a gene Integrin beta-1 (ITGB1) has
a direct interaction with ACE2 receptor (Fig. 6a). ITGB1
are known to bind with ACE2 receptor and not with ACE
receptors. ACE2 has a highly conserved binding domain for
integrin in their ectodomain (Clarke et al. 2012). The
ITGB1 gene plays a role in many important pathways like
ECM-receptor interaction, proteoglycans in cancer, cell ad-
hesion molecules, Axon guidance, Rap1-signaling path-
way, and PI3K-AKT signaling pathways (Kanehisa et al.
2016). Furthermore, to explore the temporal expression pat-
terns of ITGB1, we used the Human Brain Transcriptome
project (HBT; http://hbatlas.org/pages/hbtd). The HBT
project provides transcriptome data for the developing and
adult human brain. As can be seen in Fig. 6b, ITGB1
expression appeared to be decreased in early childhood
and after that remained stable over adulthood and older
age. The examined six brain regions include the
hippocampus, amygdala, striatum, cerebellar cortex,
mediodorsal nucleus of the thalamus, and neocortex.

Fig. 5 Gene prioritization analysis through EvoTol. (a) The evolutionary
intolerant gene expression in the nervous system and brain. (b)
Enrichment of disease-causing genes in different human tissue-specific

system. For each tissue-type, we identified robustly expressed genes as
those whose average expression is> 100 TPM. (c) GeneMANIA network
of the five putative pathogenic genes

627J. Neurovirol. (2020) 26:619–630

http://hbatlas.org/pages/hbtd


ITGB1 also shows association with many diseases such as
neural tube defects, sarcoma, psoriasis, cerebral hypoxia, lym-
phoma, and leukemia and are also associated with multiple
cancers (Stelzer et al. 2016). ITGB1 also regulated the
myelination of nerves, which is an important process as
myelination insulates the nerves and increases the rate of in-
formation flow and are required for normal CNS myelination
(Barros et al. 2009). We also observed that ITGB1 in our
network is also interacting with three of the hub genes (namely
FBN1, PRKACA, and RHOA) (hexagon-shaped in red),
which means any information received by ITGB1 because
of the virus-receptor binding will transfer to these hub genes
which they eventually transfer to the major part of the network
as they are well-connected genes in the network leading to
possible multiple neurological disorders.

Conclusion

The underlying pathophysiology of neurological manifesta-
tions in COVID-19 remains to be fully understood. Despite
an increasing number of studies in that field, more data are
required to satisfactorily correlate these two and their clinical
impact. The physicians should consider, apart from respirato-
ry symptoms, the neurological symptoms like encephalitis,
seizures, twitching, and loss of taste and smell. The long-
term effect of the neuroinvasive nature of COVID-19 may
increase the risk of neurodegenerative disease like multiple
sclerosis. In this study, we have identified 73 human targets
of SARS-CoV-2 according to their association with brain-
related diseases. Through gene prioritization according to the
spatio-temporal expression in the brain and through evolution-
ary intolerance analysis, we have identified putative pathogen-
ic genes. Through network analysis, we have identified
ITGB1 as an ACE2 binding protein and is highly expressed
in the brain. This protein could be considered a drug target for
the prevention and treatment of CNS symptoms associated
with COVID-19 patients.
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