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Bioinformatics analyses reveal cell-barrier junction modulations in lung epithelial

cells on SARS-CoV-2 infection
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ABSTRACT

Cell junctions maintain the blood-tissue barriers to preserve vascular and tissue integrity. Viral
infections reportedly modulate cell-cell junctions to facilitate their invasion. However, information
on the effect of COVID-19 infection on the gene expression of cell junction and cytoskeletal proteins
is limited. Using the Gene Expression Omnibus and Reactome databases, we analyzed the data on
human lung A549, NHBE, and Calu-3 cells for the expression changes in cell junction and cytoske-
letal proteins by SARS-CoV-2 (CoV-2) infection. The analysis revealed changes in 3,660 genes in
A549, 100 genes in NHBE, and 592 genes in Calu-3 cells with CoV-2 infection. Interestingly, EGOT
(9.8-, 3- and 8.3-fold; p < .05) and CSF3 (4.3-, 33- and 56.3-fold; p < .05) were the only two genes
significantly elevated in all three cell lines (A549, NHBE and Calu-3, respectively). On the other hand,
39 genes related to cell junctions and cytoskeleton were modulated in lung cells, with DLL1
demonstrating alterations in all cells. Alterations were also seen in several miRNAs associated
with the cell junction and cytoskeleton genes modulated in the analysis. Further, matrix metallo-
proteinases involved in disease pathologies, including MMP-3, -9, and -12 demonstrated elevated
expression on CoV-2 infection (p < .05). The study findings emphasize the integral role of cell
junction and cytoskeletal genes in COVID-19, suggesting their therapeutic potential. Our analysis
also identified a distinct EGOT gene that has not been previously implicated in COVID-19. Further
studies on these newly identified genes and miRNAs could lead to advances in the pathogenesis
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and therapeutics of COVID-19.

1. Introduction

Coronaviruses that project spikes from the mem-
brane when seen under an electron microscope’
seriously impact human and animal health as they
mainly cause enteric or respiratory diseases.
Recent studies indicated a novel coronavirus,
SARS-CoV-2 (CoV-2), responsible for corona-
virus disease 2019 (COVID-19).>~> The entry of
CoV-2 into human cells has been identified to be
facilitated by angiotensin-converting enzyme 2
(ACE2)® that is abundantly expressed in human
airway epithelia, lung parenchyma, vascular
endothelial, kidney cells, and small intestine cells,
etc.”® Among these, the alveolar epithelial type IT
cells (ATII)>!° represent 83% of the total ACE2
positive cell population.'' Interestingly, ACE2-
expressing ATII cells play a vital role in alveolar
epithelial repair and regeneration by exerting
innate immune responses and serving as progeni-
tors for ATI cells.'?

Viral infections resemble bacterial manifestations-
and target elements in hosts.'"* They reportedly
involve alteration of cell junctions to facilitate the
invasion of a virus into its host since these junctions
also deal with barrier protection'*'® apart from
maintaining vascular integrity.”> While several
viruses bind to receptors present on the apical side
of epithelial cells, others target basolateral receptors,
which are usually inaccessible due to the tight junc-
tion (TJ) barrier. Therefore, these viruses have estab-
lished mechanisms to disassemble T7Js either through
regulation of protein expression or localization to
reach their receptors.'” On the contrary, claudins
which are integral components of the T] complex,'®
are also required for certain viruses to enter the
hosts.’*° For example, claudin-1 (CLDN1) is a TJ
protein that acts as an essential host factor for the
hepatitis C virus.'”* Interestingly, the dengue virus
is reportedly involved in the expression downregula-
tion of PAT] and CRTAP genes, which play essential
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roles in maintaining cell-junction integrity.”' Apart
from the transcriptional and translational regulation,
microRNAs (miRNAs) play an extensive role in the
post-transcriptional ~ regulation = of  genes.
Interestingly, methods such as miRNA mimics,
miRNA antagonists, or CRISPR/Cas9 can potentially
modulate the expression of target genes.*”

Information on the involvement of cytoskele-
tal and cell-junction molecules in the novel
COVID-19 disease is minimal. Therefore, we
performed this bioinformatics study using the
genomic data available in the GEO database to
identify differentially expressed cytoskeleton-
and cell junction-associated genes in the CoV-2
infected lung cells and compared them against
the respective mock-treated controls. Our ana-
lyses provide novel genomic information regard-
ing alterations in cell-junction and cytoskeletal
gene expression. Furthermore, our study also
identified several miRNAs associated with the
regulation of cell-junction and cytoskeletal gene
expression upon CoV-2 infection, thus providing
potential clues for future
COVID-19.

research on

2. Materials and methods
2.1. Data collection

We used NCBI's Gene Expression Omnibus (GEO)
(https://www.ncbi.nlm.nih.gov/geo/),”> a public
functional array, and sequence-based genomics
data repository to obtain the expression profiling
by high throughput sequencing generated by
Blanco-Melo D et al.** on CoV-2. The data set,
acquired from GEO ID: 200147507; Accession:
GSE147507, is comprised of 23,710 genes based
on primary human lung epithelium (NHBE),
human alveolar epithelial (A549), and mesothelial
epithelium (Calu-3) cell lines either mock-treated
or infected with CoV-2 virus (USA-WA1/2020).

2.2. Data selection & analysis

The data were filtered to select genes associated
with cell junctions and cytoskeletal remodeling
using InnateDB  (https://www.innatedb.com/)*
database. Genes that exhibited a significant differ-
ence (p <.05) in the infected group compared to the

mock-treated group were selected for further ana-
lyses. Mean values of each group for all the genes
were calculated following the determination of the
fold-change difference in the infected group against
their mock-treated counterpart. Finally, these genes
were categorized as up-regulated or down-regu-
lated based on the resulting positive or negative
fold change figures, respectively. Significantly
modulated genes and miRNAs were interlinked
using a microRNA database ‘miRDB’ (http://
mirdb.org/).*

2.3. Reactome pathway database

Reactome (https://reactome.org/),”” a web-based
open-source, open access, manually curated, and
peer-reviewed pathway database, was used in the
study to interpret and analyze the alterations in
gene expression. Selected genes were added to the
system’s ‘analyze data’ panel, and the resulting
pathways associated with these genes
obtained.

were

2.4. Statistical analysis

All the study findings are presented as fold change
increase or decrease in the CoV-2 infected group
against the control group. The ‘n’ values in the
figures signify the number of samples in a particular
group. The data were analyzed by parametric test-
ing using a two-tailed, homoscedastic t-test, fol-
lowed by the post hoc test using the GraphPad
Prism 6.01 software. Data are represented as mean
+ SD, and p < .05 was considered significant.

3. Results

3.1. CoV-2 infection induces gene expression
changes in human lung epithelial cells

Out of a total of 23,710 genes available in the
database, 3,660 genes from A549, 100 genes from
NHBE, and 592 genes from Calu-3 cell lines
demonstrated significant alterations in treatment
with CoV-2 virus against their respective controls
(Figure 1(a)). Interestingly, two of these genes were
found to be mutually modulated in all three cell
lines (Figure 1(b)). Both EGOT (Eosinophil
Granule Ontogeny Transcript) and CSF3 (Colony
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Figure 1. Alterations in gene expression on CoV-2 infection across various lung cell lines. A. Venn diagram of significantly modulated
genes in A549, NHBE, and Calu-3 cell lines. B. List and C. Quantification of commonly altered genes in all three cell lines. Data
represented as mean + SD; *p < .05; n = 6, A549; 3, NHBE and Calu-3. Total genes = 3660, A549; 100, NHBE; 592, Calu-3. 1, upregulated;
|, downregulated.

Stimulating Factor 3) were significantly increased  lines. Reactome analysis for EGOT and CSF3 was
across all the cell lines on CoV-2 insult (Figure 1 ~ performed to determine the signaling pathways
(c)). While EGOT demonstrated a 3- to 10-fold that can be triggered by these genes, and interest-
change increase across various cell lines, CSF3 was  ingly, CSF3 was found to be associated with five
found to be elevated by 4- to 56-folds in these cell ~ pathways (Table 1) that include interleukin-10 and
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Table 1. Reactome analysis-based signaling pathways associated with CSF3, which was altered in all the three cell lines.

Entities Reactions
Pathway name Found Total p-Value Found Total
Interleukin-10 signaling 2 86 1.05E-04 1 15
Inactivation of CSF3 (G-CSF) signaling* 1 27 0.00556 5 9
Signaling by Interleukins 2 643 0.005692 3 493
Signaling by CSF3 (G-CSF) 1 35 0.007203 15 21
Cytokine Signaling in Immune system 2 1092 0.01607 18 708

p < 0.05; n = 6, A549, NHBE and Calu-3. *Does not apply to the current findings as CSF3 was increased

cytokine signaling in the immune system.*®

3.2. CoV-2 infection induces changes in cell-
junction and cytoskeletal gene expression in lung
epithelial cells

The expression of a total of 39 genes related to
cell-barrier regulation and cytoskeletal remodel-
ing was modulated in A549, NHBE, and Calu-3
cell lines during infection with CoV-2 (Figure 2
(a)). Intriguingly, DLL1 (Delta Like Canonical
Notch Ligand 1) was commonly modulated in
A549, and Calu-3 cell lines (Figure 2(b)). When
it comes to cadherins, CDH-2 and -3 were
increased in A549, whereas CDH-4 and -5 were
elevated in the Calu-3 cell line. Claudins were
also modulated in two of these cell lines, with
A549 demonstrating upregulation of CLDN-1,
-4, -12, and -16, while NHBE cells exhibited
downregulation of CLDN19 (Figure 2(c)).
Apart from the aforesaid vital elements of the
cell junctions, OCLN (Occludin) and ICAMI1
(Intercellular adhesion molecule 1) were also
increased on CoV-2 infection in A549 Calu-3
cell lines, respectively. Individual Reactome ana-
lyses were performed for the altered genes in all
three cell lines to determine the potential signal-
ing pathways that can be activated in CoV-2
infection (Table 2). Cell junction organization,
cell communication, and TJ interaction were the
commonly observed pathways evident in all
three cell lines. Moreover, DLLI in the A549
and Calu-3 cell lines indicated transcription reg-
ulation by MECP2 (Methyl-CpG Binding Protein
2). Finally, interleukin-10 and -12 and adherens
junction (AJ]) interactions were observed in the
A549 and Calu-3 cell lines during CoV-2
infection.?®

3.3. Expression of several MMPs is altered in lung
epithelial cells upon CoV-2 infection

Our analysis of the effect of CoV-2 infection on
matrix metaloproteases (MMPs) revealed increased
expression of several MMPs, such as the MMP-3,
MMP-9, MMP-12, and MMP-13 in various lung
epithelial cell lines. Interestingly, MMP9 was found
to be up-regulated in NHBE and A549 cells, while
MMP13 was elevated in NHBE, and Calu-3 cells
infected with CoV-2 (Figure 3(a)). Apart from
these, A549 cells demonstrated increased levels of
MMP-3, —11, and —12 (Figure 3(b)).

3.4. Modulation of microRNAs on CoV-2 infection

CoV-2 infected lung cells also demonstrated altera-
tions in the expression of several miRNAs, including
miR503 and miR4263, which were mutually modu-
lated in A549/NHBE and A549/Calu-3 cell lines,
respectively (Figure 4(a,b)). Although NHBE cells
demonstrated no modulation in any other
microRNA, A549 and Calu-3 cell lines were involved
in alteration of 16 and 8 other microRNAs, respec-
tively, upon CoV-2 insult.

3.5. Genes regulated by microRNAs on CoV-2
infection

With the help of the miRNA database, we deter-
mined if miRNAs influence the observed changes
in cytoskeletal and cell-barrier junction-related
genes. The only microRNA from NHBE, miR503,
demonstrated no link with cytoskeletal and cell
junctions related genes. Interestingly, Calu-3 cells
revealed a probable cause of ICAM1 upregulation
associated with the observed increase in the expres-
sion level of miR612. Furthermore, the analysis
remarkably disclosed direct links between 7
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Figure 2. CoV-2 induced modulation of cytoskeleton and cell junction-associated genes. A. List of significantly altered genes on CoV-2
infection across various cell lines. B. Expression quantification of the commonly modulated gene in A549 and Calu-3 cell lines on CoV-2
infection. C. Quantification of various claudins modulated in NHBE and A549 cell lines on CoV-2 infection. Data represented as mean +
SD; *p < .05; n = 6, A549; 3, NHBE and Calu-3. Total genes = 32, A549; 1, NHBE; 7, Calu-3. 1, upregulated; |, downregulated.
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Table 2. Signaling Pathways revealed in Reactome analysis for genes modulated by SARS-CoV-2 infection in various cell lines.

Pathway name Entities Reactions
Found Total p-value Found Total Genes involved
CoV2-modulated signaling pathways in A549 cells
Cell-Cell communication 1 133 4.82E-13 8 60  CLDN-1,4,12,16;CDH-2,3;ACTN1;CASK;IQGAP1; F11R
Cell junction organization 9 94 2.15E-11 5 37 CLDN-1,4,12,16;CDH-2,3;ACTN1;F11R
Cell-cell junction organization 8 67 5.44E-11 4 21 CLDN-1,4,12,16;,CDH-2,3;F11R
Tight junction interactions 5 30 5.33E-08 2 3 CLDN-1,4,12,16;F11R
Nephrin family interactions 3 25 7.78E-05 3 13 ACTNT1;CASK;IQGAP1
JAK-STAT signaling (interleukin-12 stimulation) 4 73 9.53E-05 2 36 RALA;RPLPO
Interleukin-12 signaling 4 84 1.63E-04 2 56  RALA;RPLPO
Adherens junctions interactions 3 35 2.09E-04 2 16 CDH3;CDH2
Interleukin-12 family signaling 4 96 2.70E-04 2 114 RALA;RPLPO
Transcriptional Regulation by MECP2 4 100  3.15E-04 4 77 PTEN;DLL1
CoV2-modulated signaling pathways in Calu-3 cells
Cell-Cell communication 4 133 1.41E-06 4 60  CDH5;PARD6B;CDH4;ACTN2
Cell-cell junction organization 3 67 1.15E-05 3 21 CDH5;PARD6B;CDH4
Cell junction organization 3 94 3.13E-05 3 37  CDH5;PARD6B;CDH4
MECP2 regulates neuronal ligands transcription 2 13 3.58E-05 2 8 DLL1
Adherens junctions interactions 2 35 2.57E-04 2 16 ~ CDH5;CDH4
Interleukin-10 signaling 2 86 0.001525 1 15 ICAM1
Transcriptional Regulation by MECP2 2 100  0.002051 2 77  DLL1
Signaling by NOTCH1 Translocation Mutant 1 8 0.005488 1 5 DLL1
Apoptotic cleavage of cell adhesion proteins 1 11 0.007539 1 10  PKP1
CoV2-modulated signaling pathways in NHBE cells
Tight junction interactions 1 30 0.002586 1 3 CLDN19
Cell-cell junction organization 1 65 0.005603 1 21 CLDN19
Cell junction organization 1 92 0.007931 1 37  CLDN19
Cell-Cell communication 1 130  0.011207 1 60  CLDN19

p<0.05; n=6, A549; 3, NHBE and Calu-3. Total genes=32, A549; 1, NHBE; 7, Calu-3.

miRNAs and 12 cytoskeletal and cell-cell barrier
junctions related genes (Figure 5). Intriguingly,
miR4263 was found to be associated only with
A549 cell-line genes despite being modulated in
both A549 and Calu-3 cell lines. Further, all
miRNAs, except the miR3176, were found to be
upregulated upon CoV-2 infection in our analyses.
Some significant associations from the study
include CDH2 upregulation by miR450A1 and
increased CLDN-4 and —12 expression through
miR-3189 and —221, respectively.

4. Discussion

A flurry of recent studies indicate a plethora of
changes in the signaling pathways upon CoV-2
infection involving, but not limited to, alterations
in gene expression and miRNAs.*>*° While ACE2
receptors have been indicated to be integral to CoV-
2 cellular entry and infection,’ the virus entry into
the blood vessels, its spread to other organs, and
resulting COVID-19 complications such as
thrombosis*>* are all dependent on the ability of
the CoV-2 to cross the blood-tissue barrier. As of
today, the studies that report how CoV-2 modulates

cell-cell junctions and cytoskeletal remodeling to
cross the blood-tissue barrier are minimal. In the
current study, using the data available in the GEO
repository, we performed bioinformatics analysis to
reveal changes in the expression of genes in three
different human lung epithelial cell lines that make-
or-break cell-cell junctions and those modulating
cytoskeletal dynamics in the opening and closure of
cell-cell junctions in response to CoV-2 infection.

The overall analysis of genes in human lung A549,
NHBE, and Calu-3 cell lines identified only two genes
altered by CoV-2 infection in all three of them. One of
them is EGOT, a long non-coding RNA known to be
elevated in viral infections to counter the antiviral
response.”*>> EGOT can be a potential target in
COVID-19, since its depletion in other viral infections
stimulates interferon-related genes, thereby amelior-
ating viral replication.” The other gene modulated by
CoV-2 in all three cell lines is CSF3, which is also
known to be expressed in viral illnesses that involve
respiratory ~ diseases,’® including COVID-19.”
Concerning the genes modulating cell-cell junctions,
the CDH4 gene that encodes R-cadherin®® was found
to be up-regulated in Calu-3 cells infected with CoV-
2. R-cadherin reportedly promotes cell motility.” A
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Figure 3. Effect of CoV-2 infection on MMPs. A. Venn diagram and B. Expression quantification of significantly altered MMPs (MMP3,
MMP9, MMP12 and MMP13) in various lung cell lines. Data represented as mean + SD; *p < .05; n = 6, A549; 3, NHBE and Calu-3. Total
MMPs = 4, A549; 2, NHBE; 9, Calu-1. 1, upregulated.

study reports miR29B2-5p as one of the miRNAs up- On the other hand, TJs revealed remarkable
regulated on CoV-2 infection in the lung epithelium.- ~ changes in the expression of several core proteins
> Our findings reveal a similar elevation of miR29B2  upon CoV-2 infection in the lung epithelial cells.
in A549 cells upon CoV-2 infection. Alterations in the expression of several claudins in
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Figure 4. MicroRNAs altered on CoV-2 infection. A. Venn diagram demonstrating significantly modulated miRNAs across various cell
lines. B. Expression of mutually modulated miRNAs on CoV-2 infection against mock-treated control. Data represented as mean + SD;
*p <.05; n = 6, A549; 3, NHBE and Calu-3. Total miRNAs = 18, A549; 1, NHBE; 9, Calu-3. 1, upregulated; |, downregulated.

the pathological states reflect the critical role of  one of the four claudins up-regulated in the current
these elements. CLDN4 is one such claudin ele- analysis in A549 cells on CoV-2 injury. Another
vated in acute lung injury,*’ which is characterized  notable finding among claudins is related to
by aberrant vascular leakage.*” Interestingly, it is ~ CLDN16, which is absent in the human lungs
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[60], but CoV-2 injury on A549 cells led to a sig-
nificant increase in the expression of CLDNI16,
thereby signifying a critical role of this gene in the
pathophysiological state. CLDN16 is well known to
interact with CLDN19 to form a TJ complex,*’ and
interestingly CLDN19 was also modulated in our
study in the NHBE cells but not in the A549 cell
line. Similarly, CoV-2 induced upregulation of
CLDN1, a barrier-forming claudin similar to
CLDNS5 [38], is anticipated to rescue the barrier
integrity in the injured A549 cells. These findings
collectively reveal modulation of claudins in CoV-2
infection in vitro and signify the likelihood of simi-
lar changes in these T] elements during the same
infection in vivo.

MMPs are reported to be involved in destructive
pulmonary pathologies, especially in the disruption
of the alveolar epithelial-endothelial barrier.**** It
is noteworthy that increased MMP3 in the A549
cell line coincides with a previous finding from our
laboratory, which demonstrated higher expression

of MMP3 in lung injury.***® Remarkably, MMP3
was detected in the broncho-alveolar lavage (BAL)
fluid obtained from acute respiratory distress syn-
drome, making it a potential biomarker for diag-
nosing the disease.** Similarly, MMP9 is another
proteinase that was enhanced by coronavirus infec-
tion in human monocytes.*” The current analysis
revealed a similar increase in MMP9 expression
upon CoV-2 infection in lung epithelial cells,
further validating our findings. In addition to upre-
gulation, we witnessed newly expressed MMP12 in
CoV-2 infected cells compared to its absence in the
mock-treated controls. In summary, the observed
changes in the expression of various MMPs suggest
their potential involvement in the epithelial-barrier
disruption in response to CoV-2 infection.
Limitations in this study include the lack of data
based on human specimens, such as BAL fluid from
control and COVID-19 patients, and the absence of
evidence that links these genes directly to CoV-2
infection and COVID-19 severity. Nevertheless,
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our findings have important translational relevance
as the identified genes may potentially prove to be
novel druggable targets to treat COVID-19
patients.

5. Conclusions

Findings from the current study shed light on the
integral role of cytoskeletal and cell-cell junction
genes in the human lung epithelial cell lines upon
CoV-2 infection. Apart from the cytoskeletal and
junctional genes, our analysis also identified the
distinct EGOT gene expression modulation by
CoV-2 infection, which was not previously
reported. The study findings would give researchers
new insights into the pathogenesis of COVD-19.
Further research on the newly identified CoV-2-
modulated genes and microRNAs could potentially
lead to breakthroughs in unraveling the disease
complications and identifying therapies for
COVID-19.
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