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PURPOSE. The coronavirus disease 2019 (COVID-19) pandemic severely challenges public
health and necessitates the need for increasing our understanding of COVID-19 patho-
genesis, especially host factors facilitating virus infection and propagation. The aim of this
study was to investigate key factors for cellular susceptibility to severe acute respiratory
syndrome-coronavirus 2 (SARS-CoV-2) infection in the ocular surface cells.

METHODS. We combined co-expression and SARS-CoV-2 interactome network to predict
key genes at COVID-19 in ocular infection based on the premise that genes underly-
ing a disease are often functionally related and functionally related genes are often co-
expressed.

RESULTS. The co-expression network was constructed by mapping the well-known
angiotensin converting enzyme (ACE2), TMPRSS2, and host susceptibility genes impli-
cated in COVID-19 genomewide association study (GWAS) onto a cornea, retinal pigment
epithelium, and lung. We found a significant co-expression module of these genes in the
cornea, revealing that cornea is potential extra-respiratory entry portal of SARS-CoV-2.
Strikingly, both co-expression and interaction networks show a significant enrichment in
mitochondrial function, which are the hub of cellular oxidative homeostasis, inflamma-
tion, and innate immune response. We identified a corneal mitochondrial susceptibility
module (CMSM) of 14 mitochondrial genes by integrating ACE2 co-expression cluster
and SARS-CoV-2 interactome. The gene ECSIT, as a cytosolic adaptor protein involved in
inflammatory responses, exhibits the strongest correlation with ACE2 in CMSM, which
has shown to be an important risk factor for SARS-CoV-2 infection and prognosis.

CONCLUSIONS.Our co-expression and protein interaction network analysis uncover that the
mitochondrial function related genes in cornea contribute to the dissection of COVID-19
susceptibility and potential therapeutic interventions.
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A novel coronavirus, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) associated with severe

human infected disease coronavirus disease 2019 (COVID-
19) outbreak starting from December 2019, in China, and
the disease is quickly spreading worldwide.1 Despite being
primarily a respiratory virus, COVID-19 can also present
with nonrespiratory signs, including ocular symptoms
as conjunctival hyperemia, chemosis, epiphora, increased
secretions, ocular pain, photophobia, and dry eye.2 The pres-
ence of virus in tears, conjunctival swab specimens, and
animal models of infectious increasing clinical and scien-
tific evidence that eyes may serve as a potential site of
virus replication.3,4 Moreover, immunohistochemical stud-
ies and single-cell RNA-sequencing datasets revealed both
extra- and intra-ocular localization of SARS-CoV-2 entry
factors, ACE receptor, and TMPRSS2 protease in human
eyes.5,6 Together, these results suggest that ocular surface
cells are susceptible to infection by SARS-CoV-2. Moreover,
a recent genomewide association study (GWAS) study identi-
fied 3p21.31 as a most significant genetic locus being associ-

ated with COVID-19 induced respiratory failure.7 This locus
covers a cluster of six genes consisting of SLC6A20, LZTFL1,
CCR9, FYCO1, CXCR6, and XCR1, with the identified risk
allele being associated with increased SLC6A20 and LZTFL1
expression. Of note, SLC6A20, LZTFL, and FYCO1 are known
to associate with eye development, electroretinography
abnormal, and anterior eye segment morphology. However,
whether these key factors for cellular susceptibility to viral
infection have correlation in ocular surface cell remains
unclear. Herein, we constructed co-expression and interac-
tome networks and mapped genes implicated by COVID-19
GWAS onto corneal co-expression network to infer the func-
tion of susceptibility gene.

METHODS

Dataset Summary and Quality Control

An overview of our strategy to inform corneal mitochondrial
susceptibility module of SARS-CoV-2 infection in cornea is
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FIGURE 1. Expression of ACE2 across different eye tissues and its co-expression pattern in the cornea. (A) Overview of the approach
and pipeline used to predict susceptibility module responsible for SARS-CoV-2 infection. (B) Expression of ACE2 in the cornea, retina, RPE,
and lungs. (C) Pearson’s correlation analysis were estimated between ACE2 and TMPRSS2 and six susceptibility genes. The size of the circle
scales with the correlation magnitude. The darker the color, the larger the magnitude of correlation coefficient. Star sign (*) indicates statistical
significance. (D) Eigengene correlation heatmap representing the strength and significance of correlations between cluster eigengenes.
Pearson’s correlation coefficient is used as the correlation descriptor (red and blue for positive and negative correlations, respectively).

shown in Figure 1A. We began by collecting the several
RNA-Seq datasets of the normal tissue of the cornea (n =
19 samples),8 retina (n = 310 samples),9,10 retinal pigment

epithelium (RPE; n = 207 samples),10 induced pluripotent
stem cell (iPSC)-derived retinal (n = 5 samples),11 and lungs
(n= 546 samples)12 from the National Center for Biotechnol-
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ogy Information (NCBI) Gene Expression Omnibus (GEO)
database (GSE77938, GSE115828, and GSE141531) and
GTEx release version 8, respectively. Individual data sets
underwent stringent quality control, outliers were removed
as samples with standardized sample network connectivity
Z scores < -2, as described,13 and were removed. Quan-
tile normalization was then used to transform the statistical
distributions across samples to be the same.

Co-Expression Analysis

In order to investigate the expression correlation of SARS-
CoV-2 entry factors and GWAS susceptibility genes, we calcu-
lated the Pearson correlation coefficient to evaluate the
linear correlation between any two genes. To specifically
characterize the biological pathways involved, we performed
k-means analysis,14 a popular unsupervised machine learn-
ing algorithm, to identify several co-expression clusters. The
cluster eigengene was defined as the first principal compo-
nent summarizing the expression patterns of all genes into a
single expression profile within a given cluster. The cluster
membership for each virus entry factors and disease suscep-
tibility genes was determined by the correlation between the
expression profile of a gene and the cluster eigengene of a
module.

Gene Enrichment Analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis were
performed by the Metascape gene enrichment analysis
tool.15 A Fisher’s exact test was used to identify ACE2 clus-
ter with significantly enriched in SARS-Cov-2 interactome16

and mitochondrial genes.17 The interactions between SARS-
Cov-2 viral proteins and drug targets were visualized using
Cytoscape version 3.6.1.18

Differential Expression Analysis

The transcriptome profiling of human keratoconus corneas
was also downloaded from the GEO database (GSE77938).8

Only genes with Transcripts Per Million (TPM) > 1 were
preserved in the down-stream analysis. The DESeq219 pack-
age was used to normalize expression levels and detect
differential expressed genes (q value cutoff is 0.05). Statis-
tical analysis was done using the R project for statistical
computing (http://www.r-project.org).

RESULTS

To understand the expression patterns of ACE2, TMPRSS2,
and susceptibility genes in the cornea, we first compared the
expression level of ACE2 in the cornea, retina, RPE, and lung
tissues based on bulk RNA sequencing. As expected from
prior literature,20 the cornea showed a higher ACE2 expres-
sion than the lungs both in terms of their TPM values (see
Fig. 1A). ACE2 exhibits the highest co-expression correla-
tion with TMPRSS2, SLC6A20C, and LZTFL1 in the cornea
compared to the lungs and RPE (Fig. 1B). To gain more
insight into the biological network of genes associated
with SARS-CoV-2 entry factors and susceptibility gene, we
performed k-means clustering algorithm to identify genes
associated with ACE2 on cornea datasets (Fig. 1C). We iden-
tified 26 co-expression modules ranging in size from 111

to 1798 genes. One cluster contained ACE2, LZTFL1, and
FYCO1 (cluster 7; 1434 genes). The strongest correlation
with the eigengene (the principal component) of this ACE2
cluster was found for hub genes STK16 (r = 0.95, P = 1.07
× 10−9), a member of NAK family that activate the AP-2
scaffolding protein vital to viral entry and propagation.21

TMPRSS2 belonged to a separate cluster 5 (603 genes) with
hub gene SLC25A1 (r = 0.91, P = 4.45 × 10−8), which
involved in TNF-α and IFN- α triggered inflammation.22

Together these data suggest that the cornea may provide
a susceptibility and entry portal for the SARS-CoV-2 entry.

To gain insights into the molecular functionality related
to ACE2 cluster, we integrated the ACE2 cluster and SARS-
CoV-2 interactome and observed their shared a number of
similarities. For instance, the ACE2 cluster and SARS-CoV-2
interactome eigengenes were highly correlated (r = 0.56,
P = 0.014). Genes within the ACE2 cluster were mainly
related to mitochondrion functions, such as the mitochon-
drial inner membrane and mitochondrial electron transport
(P = 7.47 × 10−29; Fig. 2A). We further evaluated shared
GO enrichments to determine whether the similarity in the
behavior meant that both clusters contained functionally
related genes. The ACE2 cluster and SARS-CoV-2 interac-
tome were nominally enriched (P < 0.001) for 41 and 35 GO
terms, respectively. Of these, 17 terms were enriched in both
modules. Furthermore, we observed a positive correlation
in fold enrichments for shared terms (Fig. 2B). Most of the
ontologies shared between the modules described cellular
components, biological processes, and molecular functions
pertinent to mitochondrion (see Fig. 2B). In both the ACE2
cluster and SARS-CoV-2 interactome, the observed numbers
of mitochondrial genes were significantly higher than the
number what would be expected by chance (P = 2.1 ×
10−14 and P = 3.2 × 10−6, respectively; Fig. 2C). In addi-
tion, we found the observed number of ACE2 clusters that
was significantly higher (P = 0.005) associated with interac-
tion protein of SARS-CoV-2 compared to randomness (see
Fig. 2C). Together, these results indicated that the ACE2
cluster possess the key factors required for cellular suscep-
tibility to SARS-CoV-2 infection in the cornea. Therefore,
the core 14 genes were co-occurred in all three datasets as
the corneal mitochondrial susceptibility module (CMSM) of
SARS-CoV-2 infection in cornea (Fig. 2D). Of the 14 CMSM
genes, 5 genes have been shown to directly implicate in
the function of electron transport. They include genes, such
as NDUFB9, a member of mitochondrial respiratory-chain
complex 1, and NDUFAF1, NDUFAF2, and ECSIT, which
are involved in mitochondrial respiratory-chain complex 1
assembly. Next, we studied the expression alteration of these
genes in the cornea from 23 patients with keratoconus and
19 healthy controls. We found that ACE2 expression was
significantly increased in keratoconus compared to control
cornea (log2FC = 2.8, P = 4.4 × 10−7; Fig. 2E). Other than
the upregulation of ACE2 in keratoconus, there were 10 of
21 genes related to SARS-CoV-2 infection was significantly
upregulated in keratoconus patients (see Fig. 2E, t-test P
< 0.05). Based on the elevated expression of ACE2 and
other susceptibility genes in keratoconus, we speculated that
patients with keratoconus are more likely to be infected by
the SARS-CoV-2.

DISCUSSION

To control and mitigate the impact of the COVID-19
pandemic, it is vital to gain greater understanding of the

http://www.r-project.org
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FIGURE 2. Identification of the cornea functional module and mitochondrial susceptibility genes. (A) Clustered heat map of gene
ontology (GO) terms among cluster genes. Color coding according to legend at the bottom, only gene ontology terms with FDR < 0.05 were
considered. (B) Gene ontology fold enrichments are correlated for GO terms shared between ACE2 cluster and SARS-CoV-2 interactome.
(C) Venn diagram depicting the overlap between ACE2 cluster, SARS-CoV-2, interactome, and mitochondrial genes. P values computed using
Fisher’s exact test. (D) SARS-CoV-2 protein-protein interaction between 14 mitochondrial susceptibility genes (circles) and 6 SARS-CoV-2
proteins (red diamonds). Blue edge thickness proportional to interaction MiST score; Grey edge thickness proportional to correlation of
gene expression. (E) mRNA abundance change of ACE2, TMPRSS2, and susceptibility genes in keratoconus.

routes and modes of transmission, including the role of
the ocular surface. Using a cornea-relevant co-expression
network to inform virus entry factors and GWAS interpre-
tation, we were able to identify putative susceptibility genes
for highly correlated with ACE2. Interestingly, we found
that the ACE2 co-expression cluster and SARS-CoV-2 inter-
actome were both enriched for mitochondrial functions. As
previously described, the ACE2 not only serves as a criti-
cal determinant of CoV-2 transmissibility but also regulates
mitochondrial functions.23 ACE2 overexpression regulates
mitochondria-localized nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase 4, which is known to produce
reactive oxygen species (ROS) in the mitochondria.24 Oxida-
tive stress caused by ROS excessiveness was indicated as a
major player in COVID-19 pathogenesis and severity.25 Addi-
tionally, several lines of evidence have established a link
between inflammation and oxidative stress,26–28 for exam-
ple, TNF-α induces calcium-dependent increase in mitochon-

drial ROS.29 Once SARS-CoV-2 enters the host cell, its RNAs,
such as ORF-9b, also can directly manipulate mitochon-
drial function to release mitochondrial DNA (mtDNA) in
the cytoplasm and activate mtDNA-induced inflammasome
and suppress innate and adaptive immunity.30,31 Together,
the proinflammatory cytokines, such as TNF-α, IL-1β, IL-
6, IL-10, and CXCL-8, affect diverse physiological processes
by driving cellular oxidative stress ROS generation. In turn,
increased ROS production stimulates proinflammatory medi-
ator release that contributes to mitochondrial dysfunction.
As we know, the corneal cell, especially corneal endothelial
cells, is a mitochondria-rich cell. Given the highly exposed
position, the cornea receives a significant amount of high-
tension atmospheric oxygen and the ultraviolet range, which
result in the generation of ROS and subsequent oxidative
stress. Moreover, ROS are a by-product of oxidative phos-
phorylation in mitochondria, which can subsequently result
in further mitochondrial damage and a further increase in
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ROS. Overall, a vicious oxidation / inflammatory cycle is
more likely to have a potential impact of SARS-CoV-2 inva-
sion and immune responses in corneal cells.

In our study, we predicted that the mitochondrial related
CMSM gene set was vital susceptibility genes of COVID-
19, including five genes involved in respiratory electron
transport which are being targeted by metformin.32 A favor-
able effect of metformin in patients with COVID-19 has
been hypothesized as the drug might prevent virus entry
into target cells via adenosine monophosphate-activated
protein kinase activation and the phosphatidylinositol-3-
kinase-protein kinase B-mammalian target of rapamycin
signaling pathway.33 Because metformin is found to have the
properties of anti-inflammation and anti-oxidation,34 it has
also been used in the treatment of eye diseases, including
age-related macular degeneration, glaucoma, and diabetic
retinopathy.35–37 These may give insight into metformin that
may lower the COVID-19 risk in eye infection. Notably,
ECSIT, one of the CMSM genes, is a cytosolic adaptor protein
involved in inflammatory responses and plays a regula-
tory role as part of the TAK1-ECSIT-TRAF6 complex that
is involved in the activation of NF-κB by the TLR4 signal.
In the previous study, treatment with drugs that inhibited
NF-κB activation led to a reduction in inflammation and
significantly increased mouse survival after SARS-CoV infec-
tion.38 Additionally, ECSIT is also essential for the associ-
ation of RIG-I-like receptors (RIG-I or MDA5) to VISA in
innate antiviral responses.39 Therefore, ECSIT may be used
as a new drug target to protect against the development of
severe forms of COVID-19 infection. Based on our results, we
believe that significant insight into COVID-19 in the cornea
can be gained using co-expression and interaction networks.
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