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A B S T R A C T

Altered expression of long noncoding RNA (lncRNA), longer than 200 nucleotides without potential for coding
protein, has been observed in diverse human diseases including viral diseases. It is largely unknown whether
lncRNA would deregulate in SARS-CoV-2 infection, causing ongoing pandemic COVID-19. To identify, if lncRNA
was deregulated in SARS-CoV-2 infected cells, we analyzed in silico the data in GSE147507. It was revealed that
expression of 20 lncRNA like MALAT1, NEAT1 was increased and 4 lncRNA like PART1, TP53TG1 was decreased
in at least two independent cell lines infected with SARS-CoV-2. Expression of NEAT1 was also increased in lungs
tissue of COVID-19 patients. The deregulated lncRNA could interact with more than 2800 genes/proteins and 422
microRNAs as revealed from the database that catalogs experimentally determined interactions. Analysis with the
interacting gene/protein partners of deregulated lncRNAs revealed that these genes/proteins were associated with
many pathways related to viral infection, inflammation and immune functions. To find out whether these
lncRNAs could be regulated by STATs and interferon regulatory factors (IRFs), we used ChIPBase v2.0 that cat-
alogs experimentally determined binding from ChIP-seq data. It was revealed that any one of the transcription
factors IRF1, IRF4, STAT1, STAT3 and STAT5A had experimentally determined binding at regions within -5kb to
þ1kb of the deregulated lncRNAs in at least 2 independent cell lines/conditions. Our analysis revealed that
several lncRNAs could be regulated by IRF1, IRF4 STAT1 and STAT3 in response to SARS-CoV-2 infection and
lncRNAs might be involved in antiviral response. However, these in silico observations are necessary to be
validated experimentally.
1. Introduction

Long noncoding RNA (lncRNA) is functional RNA, longer than 200
nucleotides without potential for coding protein. Like protein-coding
genes, lncRNAs are regulated by transcription factors and other regula-
tors. LncRNA interacts with genomic regions, mRNA, protein, microRNA
and modulates the levels of protein-coding genes at transcription, post-
transcription or post-translation levels. DNA-lncRNA interaction forms
DNA-RNA triple helix at genomic region facilitating or inhibiting
recruitment of transcription factors and regulates expression of nearby
genes. Interaction of lncRNA with mRNA or protein may stabilize or
(N.P. Bhattacharyya).
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destabilize mRNA or protein [1, 2]. By altering protein level, lncRNA
modulates many biological processes, functions and pathways including,
immunity, inflammation [3, 4, 5].

1.1. Immunological defects in COVID-19

Ongoing pandemic coronavirus disease 19 (COVID-19) is caused by
infection with severe acute respiratory coronavirus 2 (SARS-CoV-2).
Major symptoms of COVID-19 include fever, dry cough, breathing diffi-
culty, diarrhoea, and throat sore. Small proportion of infected individuals
progresses to severe conditions with multi-organ failure and may be fatal
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[6]. Hyperinflammatory response, mediated through dysregulated mac-
rophages, innate and adaptive immunity have been considered as path-
ological conditions in severe COVID-19. Increased levels of cytokines like
IL-6, IL-7, TNF, inflammatory chemokines like CCL2, CCL3, chemokine
ligand CXCL10 and α-chain of IL-2 receptor has been observed and
reviewed [7]. Increased chemokine expression in the absence or reduced
levels of Type I and III interferons in different tissues from COVID-19
patients and infected cells with SARS-CoV-2 have been observed [8, 9,
10]. Based on this data, it has been proposed that use of exogenous IFN to
stimulate antiviral immunity might be successful for treating
SARS-CoV-2 infection [11]. In contrast, increased levels of type I IFN
genes in COVID-19 patients [12] and SARS-CoV-2 infected organoid [13]
have been observed. Enhanced expression of IFN-stimulated genes (ISGs)
has been reported in different cells from patients [14, 15] and in mouse
model of COVID-19 [16]. Reduced IFN-1 response and higher levels ISGs
observed in PBMCwas resolved by identifying transient low plasma IFNA
levels in PBMC originated from lungs [17]. Differences in results pub-
lished by different investigators, particularly role IFN-1 in COVID-19
might also be attributed to use of different platforms for single-cell
sequencing, unsupervised analysis of highly multi-dimensional data,
use of different cell types or mixture of cell types and definition of the
severity including sampling time points [15]. However molecular
mechanisms of altered expression of cytokine, chemokine, interferon and
other inflammatory molecules remain unclear.

1.2. Altered expression of long non-coding RNA in viral infection

Deregulation of lncRNA has been observed in many infectious dis-
eases, especially in diseases caused by viral infection and reviewed [18].
Infections with influenza virus (IAV), HIV, herpes simplex virus (HSV),
hepatitis C virus (HCV), hepatitis B virus (HBV), severe acute respiratory
syndrome coronavirus (SARS-CoV) and others alter the expression of host
lncRNA [19, 20]. Expression of lncRNA EGOT, NEAT1, BISPR/LncBST2,
LINC01191/VIN/lnc-ACTR3, ISR (IFN-stimulated lncRNA) 2 and ISR8,
LOC100506319/LINC01988/LncRNA-PAAN, LOC102637961/lncR-
NA-ACOD1, MIR155HG, TSPOAP1-AS1, PSMB8-AS1, PSORS1C3, IVR-
PIE was increased and expression of NRAV/DYNLL1AS1 was decreased
in IAV infected cells [21, 22, 23, 24, 25, 26, 27, 28]. In HIV infected cells
expression of ISR2, NEAT1, GOMAFU/MIAT, LUST/RBM5-AS1, BIC/-
MIR155HG, MALAT1, NRIR/lncCMPK2, MIR3945HG, FIRRE,
LINC02574, LINC01426 is increased while expression of NRON, PAN-
DAR/PANDA, CDKN2B-AS1/ANRIL DD3/PCA, DANCR,
CMPD/LINC01152, NCRMS/RMST, GAS5, LINC00173,
lincRNA-p21/TP53COR1 and SAF/FAS-AS1 is decreased [29, 30, 31].
Increased expression of NEAT1, MAMDC2-AS1, PRINS, ISR2 and
LOC102637961/lncRNA-ACOD1 is observed in HSV infected cells [24,
27, 32, 33, 34]. Infection with HCV increases expression of lncRNA
BISPR, negative regulator of interferon response (NRIR), EGOT, ISR2
(GBP1 pseudogene 1), ISR8 (AC116366.6), GAS5,
CFAP58-DT/lncITPRIP-1, lncRNA32/LUARIS. Expression of
lncRNA32/LUARIS is increased in EMCV and HBV infected cells.
Expression of NEAT1 is increased in Semliki Forest virus infected cells.
Increased expression of NeST/IFNG-AS1 is observed in Theiler's
virus-infected cells (Reviewed in [33]). In respiratory syncytial virus
(RSV) infected cells expression of NRAV/ DYNLL1-AS1 and MEG3 is
decreased [35, 36]. Differential expression of hundreds of annotated and
un-annotated lncRNAs has been observed in mice infected with
SARS-CoV and IAV; expression of some was dependent on STAT1 or
IFNAR. Result obtained from this study shows that altered lncRNAs were
similar in both the infection and they had characteristics kinetic
expression profiles in IFNAR and STAT1 knockout mice during SARS-CoV
infection [37].

To summarize, expression of NEAT1 is increased in IAV, HIV, HSV,
Japanese encephalitis virus, rabies virus and Hantaan orthohantavirus
(HTNV) infected cells. Increased expression of EGOT is observed in IAV,
HIV, HCV and Semliki Forest virus. Expression of LOC102637961/
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lncRNA-ACOD1, a lncRNA identified by its nearest coding gene aconi-
tate decarboxylase 1 (Acod1), is increased in IAV, HSV and vascular
stomatitis virus (VSV) infected cells while expression of NRAV/DYNL-
L1AS1 is inhibited by IAV, HSV and Sendai virus (SeV) infections. These
results indicate that lncRNAs were differentially expressed in viral
infection, and may be involved in viral replication and pathogenesis [25,
33]. Possible involvement of representative lncRNAs in diverse viral and
host functions in response to infection is shown in Supplementary Text
Table STT1.1.

1.3. Mechanism(s) of actions of lncRNAs in virus-infected cells

Several current reviews are available to show that deregulated
lncRNAs are involved in antiviral activity [25, 33, 38]. LncRNAs are
observed to modulate (i) viral replication and growth, and (ii) expression
of IFNs, and ISGs, possibly by interacting with transcription factors like
STAT1, STAT3, NFκB and IRFs. Expressions of several lncRNAs are
modulated by treatment with IFNs.

1.4. Long non-coding RNA modulates viral replication

Interferon (IFN)-stimulated lncRNA ISR [24] and MIR155HG [22],
IVRPIE [21] suppress IAV replication and growth while
LOC100506319/LINC01988/LncRNA-PAAN [26], TSPOAP1-AS1 [28],
NRAV/ DYNLL1-AS1 (Reviewed in [33]) and PSMB8-AS1 [23] enhance
IAV replication and growth. EGOT and CFAP58-DT/lncITPRIP-1inhibit
replication and growth of HCV (Reviewed in [33]); NEAT1 inhibits
replication and growth of HIV [29] and HTNV [39]. LncRNA32/LUARIS
inhibits the replication of EMCV, HBV and HCV [40]. NRIR/lncCMPK2
suppresses HCV replication [41].

1.5. Long non-coding RNA modulates interferon

Overexpression of NeST/IFNG-AS1 inhibits clearance of Theiler's
virus by enhancing IFNG, thus regulating Type II interferon response
(Reviewed in Liu and Ding [33]). Increased expression of MIR155HG
could enhance the level of INFB (Maarouf et al., 2019). A novel lncRNA
IVRPIE (Inhibiting IAV Replication by Promoting IFN and ISGs Expres-
sion) interacts with hnRNP U and regulates positively expression of INFB
and several ISGs like IRF1, IFIT1, IFIT3, Mx1, ISG15, and IFI44L through
histone modifications of target genes. Taken together; these findings
suggest that IVRPIE is a critical regulator of host antiviral response [21].

1.6. LncRNA modulates interferon-stimulated genes (ISGs)

Several evidences are available to show that altered expression of the
lncRNA in different viral infected cells might involve in modulation ISGs.
For examples, CFAP58-DT/lncITPRIP-1 suppresses HCV replication by
increasing ISGs [42]. Expressions of several ISGs like IFIT2, IFIT3,
IFITM3, OASL, and MxA were reduced in cells overexpressing
NRAV/DYNLL1-AS1 [43]. LncRNA32/LUARIS inhibits the replication of
EMCV, HBV and HCV, associated with hnRNP U and activates tran-
scription factor ATF2 modulates expression of ISGs [40].
LincRNA-cox2/Ptgs2os2, induced by TLR ligands depending on MyD88
and NF-κB, reduced the expression of some ISGs, like IRF7 and Rasd2.
LincRNA-Cox-2/Ptgs2os2 interacts with HnRNP-A/B and hnRNP-A2/B1
to regulate expression of ISGs [44]. TLR ligands suppress the expres-
sion of TTC39A-AS1/lincRNA-EPS and enhance expression of ISGs like
IFIT2, RASD2, OAS1 and GPB5 by recruiting hnRNPL [45]. In
IFN-stimulated hepatocytes, knocked down of NRIR/lncCMPK2 resulted
in the transcriptional up-regulation of many ISGs like CMPK2, RASD2,
ISG15, CXCL10, IFIT3, and IFITM1 [41]. Expression of several ISGs,
including GBP1, ISG15, MXA, BST2, ISG56, IFI6, and IFITM1 was
increased in EGOT knockdown cells with or without HCV infection. This
result shows that EGOT may promote viral replication by blocking the
IFN antiviral response [46].
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1.7. Modulation lncRNA by interferon

Many lncRNAs are differentially expressed following IFN stimulation
in high throughput studies; specific role of the identified lncRNAs in viral
infection has been identified only for a small fraction and reviewed [38].
Expression of BISPR/lncBST2 is increased by IFNA or IFNG treatment.
HCV or HEV infected Huh7 cells and in liver of HCV-infected patients
show similar result. Expression of both BISPR/lncBST2 and BST2 was
STAT-dependent. Based on the inhibitory effect of BST2 on virion
secretion, BISPR/ lncBST2 might be involved in regulating viral infection
partially by increasing the expression of antiviral protein BST2 and
reviewed [25]. NRIR/lncCMPK2 is stimulated by IFNA or IFNG and
possibly regulated by STAT2. Expression of NRIR/ lncCMPK2 is increased
in liver of chronic HCV infected patients [41]. IFNA treatment stimulates
expression of EGOT. In response to HCV infection, EGOT is activated by
NFκB [46]. IAV infection in mouse model enhances expression of inter-
feron (IFN)-stimulated lncRNA (ISR) like ISR2, ISR8. Knockdown of the
lncRNAs in cells resulted in increased IAV replication and over expres-
sion reduced the viral replication. IFNB treatment induces the lncRNA
expression. Induction of the lncRNA by IAV infection was not observed in
cells deficient of IFNAR1. LncRNA ISR is regulated by RIG-I-dependent
signaling that regulates IFNB production during IAV infection, and has
an inhibitory capacity in viral replication [24].

1.8. Long non-coding RNA targets proteins coded by HIV to modulate viral
infection

Expression of MALAT1 is increased in HIV infected cells. MALAT1
interacts with chromatin modulator polycomb repressive complex PRC2,
releases the core component enhancer of zeste homolog 2 (EZH2) from
binding with HIV-1 LTR promoter and removes PRC2 complex-mediated
methylation of histone H3 on lysine 27 (H3K27me3). Thus MALAT1 may
relieve epigenetic silencing of HIV-1 transcription [47]. NRON, highly
expressed in resting CD4þ T lymphocytes, involves in HIV latency
inducing Tat protein degradation and potentially suppresses the viral
transcription by decreasing the cellular abundance of viral transactivator
protein Tat [48].

1.9. Modulation of viral infection by NEAT1 through paraspeckle
formation

Increased expression of NEAT1 has been observed in HIV, IAV, HTNV,
HSV, Japanese encephalitis and rabies virus-infected cells. Mechanism of
actions of increased NEAT1 has been worked out in detail in HTNV
infected cells. Silencing NEAT1 by siRNA in HTNV infected HUVEC
human cells, enhances HTNV replication while exogenous over-
expression of NEAT1 effectively inhibited the replication. NEAT1 over-
expression increased IFNB production and inhibited HTNV replication.
Similar inhibitory effect of NEAT1 on HTNV virus titers is also observed
in animals [39]. This result shows that NEAT1 affects HTNV viral repli-
cation through IFNB. Besides, NEAT1 has been shown to regulate
expression of IL8 by relocating SFPQ from its promoter and recruiting
SFPQ into the paraspeckles [49]. Antiviral activity of NEAT1, observed in
several experiments, could be mediated through formation of para-
speckles, a class of membraneless subnuclear bodies, observed in the
interchromatin space of mammalian cells. Paraspeckles are RNA-protein
structures formed by the interaction between NEAT1, an indispensable
structural component, and different class of RNA and many RNA binding
proteins. Paraspeckles could sequester paraspeckle-localizing proteins
and RNA and modulates their functions outside the paraspeckles, thus
acting as molecular sponges [50, 51]. It has been revealed that NEAT1
may promote IFN responses by acting as a positive feedback for RIG-I
signaling. Increased NEAT1 by interacting with SFPQ, relocates SFPQ
from the promoters of RIG-I and DDX60 to paraspeckles. Thus NEAT1
removes the transcriptional inhibitory effects of SFPQ on RIG-I and
DDX60, resulting in increased expression of transcriptional factor IRF7,
3

which in turn induced the expression of IFN and NEAT1 [39]. NEAT1
may also activate IRF3 through formation of multi-subunit complex with
HEXIM1. This NEAT1-HEXIM1 complex interacts with cGAS sensor and
its partner PQBP1, releases proteins from paraspeckle. Released proteins
are recruited to STING and activates IRF3 producing type 1 IFN. These
results indicate that NEAT1 has a critical role in the antiviral response of
IFN through (i) RIG-I signaling and (ii) cGAS-STING-IRF3 pathway and
reviewed [25]. Paraspeckles is induced by IAV, HSV [49] and HIV [29].

Altered expression of lncRNA in SARS-CoV-2 infected cells or tissues
from COVID-19 has not been studied to the best of our knowledge.
Reusing the RNA sequencing data in GSE147507, we observed that
expression of several lncRNAs were altered in SARS-CoV-2 infected cell
lines and lung tissue from COVID-19 patients. Interacting protein/gene
partners of these deregulated lncRNAs were associated with pathways
relevant for viral replication, inflammation and immune function indi-
cating possible role of the lncRNA in SARS-CoV-2 infection.

2. Materials and methods

2.1. Data from GEO accession GSE147507

Signature of protein-coding genes in SARS-CoV-2 infected cells in vitro
and lung tissue from COVID-19 patients has been reported [8]. In this
study, cell lines A549 and Calu3 cells were infected separately with
SARS-CoV-2 (USA-WA1/2020). A549 and Calu3 cells were derived from
human alveolar basal epithelial adenocarcinoma and human lung
epithelial tumor respectively. In some experiments, A549 cells were
transfected with ACE2 and then infected with SARS-CoV-2. All together
there were 4 experimental conditions for which we analyzed the differ-
ential lncRNA expression: (i) expression in A549 cells infected with
SARS-CoV-2 compared to expression in mock-transfected A549 cells, (ii)
expression in A549 cells expressing exogenous ACE2 and infected with
SARS-CoV-2 compared with that of in mock-transfected A549 cells, (iii)
expression in A549 cells expressing exogenous ACE2 and infected with
SARS-CoV-2 compared with that of in exogenous expressing ACE2 in
A549 cells and (iv) expression in Calu-3 cells infected with SARS-CoV-2
compared to expression in mock-transfected Calu-3 cells. There was a
biological replicate of the condition in (iii) Besides, sequencing data for
RNA samples from lungs tissues from COVID-19 patients and control was
also analyzed.

We downloaded the raw RNA sequencing data from Gene Expression
Omnibus (GSE147507). The data contained the raw read counts obtained
for different experimental conditions, divided into distinct series. Each
series had two or more replicates in which mock-treated cells served as
control. We carried out differential expression analysis between the
mock-treated samples and the infected samples as contained in the
respective series using Bioconductor package edgeR. Low abundant
genes were filtered out from the dataset before carrying out the analysis.
EdgeR uses TMM (Trimmed mean of M-values) to normalize for library
composition by computing a set of scale factors with which the effective
library sizes are calculated. It thereby estimates dispersion and fits
generalized linear models based on negative binomial distribution. The
correction for false discovery rates (FDR) was done by Benjamini-
Hochberg method. Genes which had false discovery rate (FDR) � 0.05
were considered to be significant. Other important parameters we looked
into were magnitude of the fold changes with respect to the controls,
given in the column logFC and the average counts per million of the
genes in the samples, as provided in the log(cpm) column in the output
files. Based on these values the candidate genes were selected for further
analysis (Supplementary Text Table STT2.1).

The heatmaps depicting the expression of the deregulated lncRNAs in
A549 and Calu cells, in control and experimental conditions, were
generated using the heatmap.2 function of “gplots” package in R. The
normalized counts of the lncRNAs (log(cpm) values) were used as inputs
to construct the heatmaps. We have used the ‘Ward.D2’ method of hi-
erarchical clustering for the lncRNAs, and z-scores were calculated for
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each lncRNA. The clustering has been done only on the genes, while the
samples have been arranged in a sequential manner as per their experi-
mental set, with the mock-treated samples and the experimental samples
grouped separately.

2.2. Interacting partners of long non-coding RNA

We downloaded experimentally determined and curated physical
interaction data of noncoding RNA with DNA, mRNA, microRNA, pro-
teins and others from NPInter v4.0 (http://bigdata.ibp.ac.cn/npinter4)
[52]. The database catalogues experimentally derived interactions,
collected manually from publications in peer-reviewed journals and an-
notated using other databases like NONCODE, miRBase and UniProt.
Annotation of genes in NPInter database was further annotated using
NCBI database (ftp://ftp.ncbi.nih.gov/gene/DATA/GENE_INFO/
Mammalia/).

2.3. Association of genes/proteins with biological pathways

To identify possible functional implication of the deregulated
lncRNAs, we analyzed the interacting protein and mRNA partners of the
deregulated lncRNA by enrichment analysis. Enrichment analysis pro-
vides information about the overrepresentation of the given genes in
particular pathway. We carried out enrichment analysis using online
facility at Enrichr at https://amp.pharm.mssm.edu/Enrichr/ [53].
Enrichr is an integrative web-based software application for analysis of a
gene-set comparing with various gene-set libraries. Given an input list of
genes, it provides enrichment for different libraries like BioPlanet path-
ways and Gene Ontology (GO) terms for biological process. The online
facility uses pathways catalogued in various databases; we have chosen
the BioPlanet pathways for comprehensive coverage of different disease
conditions including infection disease [54].

2.4. Binding of transcription factors at the putative promoters of lncRNAs

To find binding abilities of transcription factors at the putative pro-
moters (-5Kb upstream toþ1kb downstream of transcription start sites of
the lncRNAs), we utilized the searchable ChIPBase v2.0 (http://rna.sy
su.edu.cn/chipbase/) database. This database catalogues curated exper-
imental data from chromatin immune-precipitation followed by
sequencing (ChIP-seq) datasets [55]. Binding sites for transcription fac-
tors (TFs) IRF1-IRF5, IRF8, IRF9 and STAT1-STA4, STAT5A, STAT6,
known to initiate the antiviral responses, were obtained from the data-
base. We have also included MYC as MALAT1 and NEAT1 interacts with
active chromatin site of the MYC gene [56] and activation of MYC has
been observed in IAV infection. Activation of MYC has also been shown
to modulate IAV-induced changes in metabolism; inhibition of MYC
activation reversed infection-induced changes in metabolism [57]. For
several transcription factors, more than one cell line or different condi-
tions were used to determine binding of TF by ChIP-seq. For example,
binding sites of MYC were observed in different cell lines like Foreskin
fibroblast cells, B-cell lymphoma cell lines (RAMOS, Raji and Blue1),
HEK293T cells expressing wild type MYC and mutant DNA binding
domain of MYC. Binding sites of STAT1 were observed in un-stimulated
and IFNG stimulated HeLa cells, K562 cells treated with IFNG and IFNA
separately. Binding sites of IRF1 were observed in LoVo cells and K562
cells treated with IFNG and IFNA separately. Detail of the cell lines and
the conditions obtained from ChIPBase is shown in the Supplementary
text Table STT2.2. We have considered only those TFs that were obtained
in two independent cell lines and/or different conditions.

To find out the whether binding of these TFs at the putative promoters
of the deregulated lncRNAs over the randomly chosen TFs, we have
tested randomly generated 4 sets of TFs, each containing 30 TFs and
identified their binding sites within -5Kb to þ1 Kb of the transcription
start sites of the deregulated lncRNAs. Out of the 120 randomly chosen
TFs, ASCL1, CAMTA2, ETV4, E2F2, HEY1, HEYL, HSF4, IRF1, IRF9,
4

IRX5_l, KLF1, KLF6, LHX3, MEOX2, NFATC3, OTX2, RELA, SETDB1,
SIX5, TP53, VDR, ZBTB2, and TGIF1 had ChIP-seq data in ChiPBase
database. Since IRF1 was also among the TFs we used for our targeted
analysis, we omit the data for IRF1 from these sets. For each of 22 TFs, we
collected the binding sites within -5Kb to þ1 Kb of the transcription start
sites. Total number of binding sites for each of the deregulated lncRNAs
were compared with that of obtained with MYC, IRF1-IRF5 and STAT1-
STAT5A.

For comparison of different set of genes/proteins, we used online
facility at http://bioinformatics.psb.ugent.be/webtools/Venn/.
2.5. Statistical analysis

For analysis of raw sequencing data form GSE147507, we used Bio-
conductor package edgeR. Low abundant genes were filtered out from
the dataset before carrying out analysis. Genes which had false discovery
rate (FDR) � 0.05 were considered to be significant.

For association of genes/protein with different pathway, we used
online facility Enrichr at https://amp.pharm.mssm.edu/Enrichr/. Given
a set of genes as input, this database returns results of enriched pathways
with significant levels (p-values and adjusted p-values with multiple
testing corrections) as shown in the Supplementary Tables SXT3A. For
over representation of binding sites at the different regions within -30Kb
to þ10Kb of the transcription start sites and preferences of binding of
MYC, STATs and IRFs over the randomly chosen TFs, we used ANOVA
(one way or 2 way). All statistical analyses were performed using Graph
pad prism software (Version 8, Sandiego, CA, USA).

3. Result

Expression of several lncRNA was deregulated in SARS-CoV-2 infec-
ted cells. Among the significantly (FDR� 0.05) altered expression,
increased expressions of EGOT, EPB41L4A-AS1, HCG11, HIF1A-AS2,
LINC00115, LINC00174, LINC00265, LINC00312, LINC00473,
LINC00605, LINC00662, LINC00842, MALAT1, MEG3, MEG9, MIAT,
NEAT1, RMRP, TERC and ZNF674-AS1 and decreased expressions of
LINC00488, LINC00857, PART1, TP53TG1 were observed in more than
one cell lines (Figure 1). For example, expression of EGOT was increased
3.0, 4.6 and 3.4 fold in A549 cells transfected with ACE2 were infected
with SARS-CoV-2 and compared with either mock-infected A549 and
mock A549 transfected with ACE2 and Calu cells infected with the virus
respectively. Expressions of several lncRNAs were altered only in one cell
line or increased in one cell line and decreased in another cell line
(Supplementary Text Table STT2A). Besides, expressions few pseudo-
genes or noncoding RNA other than lncRNA were also altered (Supple-
mentary Text Table STT2B). In our subsequent analysis, we have used
only those lincRNAs that were altered consistently in more than one
experiment. Detailed result is shown in the Supplementary
Tables SXT1A- SXT1E.
3.1. Interacting partners of lncRNAs

Interacting partners of lncRNAs may provide functional information
of the deregulated lncRNAs. Different experimentally determined inter-
acting partners of the lncRNAs were taken from NPInter database (http
://bigdata.ibp.ac.cn/npinter4) as described in the material and
methods. These interacting partners were determined mainly in high
throughput assays, curetted and provided in the database. Summary of
the result is shown in Figure 2. All together 2788 unique genes/proteins
interact with 17 lncRNAs that have been shown to increase in SARS-CoV-
2 infected cells. It was evident that NEAT1 interacts with maximum
number of genes/proteins, followed by MALAT1. NEAT1 and MALAT1
together target more than 95% of the genes/proteins; the majority of the
interactions were at DNA level (Supplementary Tables SXT2A and
SXT2B). Similarly, 50 genes/proteins were target of four lncRNAs that

http://bigdata.ibp.ac.cn/npinter4
http://ftp://ftp.ncbi.nih.gov/gene/DATA/GENE_INFO/Mammalia/
http://ftp://ftp.ncbi.nih.gov/gene/DATA/GENE_INFO/Mammalia/
https://amp.pharm.mssm.edu/Enrichr/
http://rna.sysu.edu.cn/chipbase/
http://rna.sysu.edu.cn/chipbase/
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://amp.pharm.mssm.edu/Enrichr/
http://bigdata.ibp.ac.cn/npinter4
http://bigdata.ibp.ac.cn/npinter4


Figure 1. Heatmap representing the expression of the 24 lncRNAs found to be upregulated (20) or downregulated (4) in SARS-CoV-2 infected cells wrt to mock-
treated cells, for more than one experimental condition. The rows represent the lncRNAs while the columns are the experimental samples grouped according to
mock-treatment or SARS-CoV-2 treatment, in A549 and Calu cell lines. The samples are named according to the experimental set they have been taken from (Series2,
Series5, Series6, Series7 and Series16), followed by the cell line (A549/ Calu) and the treatment (Mock/ SARS-CoV-2).

Figure 2. Summary of the interaction of lncRNA with DNA, mRNA, microRNA (miRNA) and proteins taken from NPInter v4.0 (http://bigdata.ibp.ac.cn/npinter4).
This experimental data was obtained in high throughput assays in different cell lines and catalogued in the database; whether similar interactions could also be
obtained in cell lines infected with SARS-CoV-2 remain unknown.
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are decreased in SARS-CoV-2 infected cells. Altered lncRNAs could also
interact with 422 miRNAs (Supplementary Tables SXT2C and SXT2D).
3.2. NCATS BioPlanet (https://tripod.nih.gov/bioplanet/) pathways
associated with lncRNA interacting proteins/genes

To obtain the functional implications of the deregulated lncRNA, we
used their interacting partners for the association of the genes/protein
with different pathways described in NCATS BioPlanet (https://tripod
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.nih.gov/bioplanet/). Result of such analysis using Enrichr (Supple-
mentary Tables S3) showed that 1378 BioPlanet pathways were associ-
ated with lncRNA interacting genes/proteins (Supplementary
Table SXT3A) and summarized in Supplementary Text Table STT3.1A.
We categorized the pathways related to (i) virus life cycle like Influenza
viral RNA transcription and replication pathway and others, (ii) inter-
leukin, interferon, and inflammation like Interleukin-6 signaling
pathway, interleukin-2 signaling pathway, chemokine signaling
pathway, Antiviral mechanism by interferon-stimulated genes and

https://tripod.nih.gov/bioplanet/
https://tripod.nih.gov/bioplanet/
https://tripod.nih.gov/bioplanet/
http://bigdata.ibp.ac.cn/npinter4


Figure 3. Total binding sites of the TFs IFR1-IFR5, IRF8, IRF9, STAT1-STAT4,
STA5A, STAT6 and MYC at -30Kb to þ10Kb of the TSS of the deregulated
lncRNA obtained from ChIPBase in different cell lines and conditions by
ChIP-seq.
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others, (iii) related to immunity and immune cell dysfunctions like B cell
survival pathway, Natural killer cell receptor signaling pathway and
others and (iv) other pathways, mainly related to signaling pathways like
messenger RNA processing, IGF1 pathway, mTOR signaling pathway and
many others. Representative result is shown in Table 1 and detail result is
shown in Supplementary Table STT3B. Immune cell dysfunctions
observed in COVID-19 is shown in Supplementary Table STT3C. In these
3 categories together, 473 lncRNA interacting genes/proteins are asso-
ciated with 80 different BioPlanet pathways related to viral life cycles,
interleukin, interferon, inflammation, immunity and immune cell dys-
functions. Detailed result of association of genes with each category is
shown in Supplementary Tables SXT3B- SXT3D.

3.3. Possible regulation of long non-coding RNA by IFN-regulatory (IFR)
proteins, STATs and MYC

Given that transcription factors like IFN-regulatory proteins, NFκB,
and others to initiate antiviral response by the host [58] and secreted
interleukins through interleukin receptors activate the JAK-STAT
signaling cascade to induce expression of antiviral
interferon-stimulated genes (ISGs) [59], we searched whether deregu-
lated lncRNAs could be targets of transcription factors IFR1-IFR5, IRF8,
and IRF9, STAT1-STAT4, STA5A and STAT6 in ChIPBase v2.0 (http://
rna.sysu.edu.cn/chipbase/) database. This database catalogs ChIP-seq
data in different cell lines at different conditions (Table STT2.2). We
also include MYC as MALAT1 and NEAT1 interacts with this TF [56] and
known to involve in IAV infection [57]. Number of binding sites per 1Kb
of all these TRFs was significantly higher at regions -5Kb to þ1Kb of
transcription start sites (TSS) of the lncRNA in the region between -30Kb
to þ10Kb of the TSS (Figure 3). Total number of binding sites in the
regions are shown in the Supplementary Table SXT4. This result indicates
that these TFs might have preference for binding at -5Kb to þ1Kb of TSS,
the putative promoters of the lncRNA.

To find out the specificity and/or preference of IRFs, STATs and MYC
for binding to the putative promoters of the deregulated lncRNAs, we
have tested randomly chosen 22 TFs for their binding to -5Kb to þ1Kb of
the TSS. Number of binding sites within -5Kb to þ1 Kb of the 22
randomly chosen TFs at the putative promoters of the deregulated
lncRNAs were significantly (p ¼ 0.0053) lower compared to that of ob-
tained with MYC, IRF1-IRF5, IRF8, IRF9, STAT1-STAT4, STA5A and
STAT6. The result (set 1–4) is shown in the Figure 4 and the detail result
is shown Supplementary Table SXT5 This result shows that theMYC, IRFs
and STATs have preference for binding to the putative promoters of the
deregulated lncRNAs in different cell lines and conditions over randomly
chosen TFs.
Table 1. Representative result of the association of deregulated lncRNA interacting p

Pathway group Pathways (total no of

Virus replication, transcription, life cycle-related pathways HIV factor interaction
Human cytomegalovir
factor interactions wit
RNA transcription and
Viral messenger RNA

Interleukin, interferon, inflammation-related pathways Antiviral mechanism b
signaling pathway, In
alpha/beta signaling,
Interleukin-2 receptor
6 signaling pathway,
pathway and Type II i
and others (36)

Immune cell functions, immunity-related pathways Adaptive immune syst
presentation, B cell su
presentation, Natural
activation, signaling a
naive CD4þ T cells T
cells, T cell signal tran
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For stringency, we considered only those TF-lncRNA relations that are
observed in more than one independent cell line/condition in ChiPBase.
Using this criteria it was observed that IRF1, STAT1 and MYC1 could
bind to majority of the lncRNA. For example binding of IRF1 was
observed within -5Kb and þ1Kb sequences from the TSS of EPB41L4A-
AS1, HCG11, HIF1A-AS2, LINC00115, LINC00662, MALAT1 and
NEAT1 in more than one cell line and treated with IFNA and IFNG,
LINC00265 in IFNG treated and untreated cells, MIAT, TERC, ZNF674-
AS1 in cells treated with IFNA or IFNG or untreated cell. IRF1 could
also bind at the putative promoters of LINC00857 and TP53TG1 in cells
treated with IFNA or IFNG and untreated cells; expression of these
lncRNAs was decreased. Increased expression of LINC00265 and
decreased expression of TP53TG1 could be mediated by IRF3; IRF4 binds
artners with pathways related to infection, inflammation and immune functions.

pathways) Total unique genes/proteins

s with host, HIV genome transcription,
us and MAP kinase pathways, Influenza
h host, Influenza infection, Influenza viral
replication, SARS coronavirus protease,

biosynthesis and others (15)

111, 253 Gene-pathway relations

y interferon-stimulated genes, Chemokine
flammatory response pathway, Interferon
Interferon gamma signaling regulation,
beta chain in T cell activation, Interleukin-
Type I interferon (interferon-alpha/beta)
nterferon signaling (interferon-gamma)

288, 505 Gene-pathway relations

em, Antigen processing: cross
rvival pathway, MHC class II antigen
killer cell-mediated cytotoxicity, Platelet
nd aggregation, T cell receptor signaling in
cell receptor signaling in naive CD8þ T
sduction and others (29)

239, 699 Gene-pathway relations

http://rna.sysu.edu.cn/chipbase/
http://rna.sysu.edu.cn/chipbase/


Figure 4. Overrepresentation of binding sites of the transcription factors IRFs, STATs and MYC at the putative promoters of the deregulated lncRNA in comparison of
the randomly chosen 22 TFs denoted by Set 1–4. For details see the supplementary Text Supplementary Text ST2.2.
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to putative promoters of EGOT, EPB41L4A-AS1, HCG11, HIF1A-AS2,
LINC00265, MALAT1, NEAT1, RMRP and TERC that were increased in
SARS-CoV-2 infected cells. IRF2, IRF5, IRF8, IRF9 did not have any
binding with the deregulated lncRNA following our criteria.

MYC could bind at -5Kb toþ1Kb upstream regions of EPB41L4A-AS1,
HCG11, HIF1A-AS2, LINC00115, LINC00265, LINC00662, MALAT1,
NEAT1, RMRP, TERC and ZNF674-AS1; expression of these gene was
increased, LINC00857 and TP53TG1. Expression of the latter two lncRNA
was decreased. Interestingly, in HEK293T cells expressing mutant MYC
that could not bind to DNA, binding of MYC to the putative promoters of
these lncRNAs was not observed. This indicates that binding of MYC
could regulate the expression of these lincRNAs. STAT1 binds to the
promoters of EPB41L4A-AS1, HCG11, LINC00265, LINC00473,
LINC00662, MALAT1, MIAT, NEAT1, TERC, ZNF674-AS1 in IFNG stim-
ulated and un-stimulated cells; RMRP in un-stimulated cells; expression
of these lncRNAs was increased in SARS-CoV-2 infected cells. STAT1 also
binds to the putative promoter of LINC00857 in IFNG stimulated and un-
stimulated cells. No binding site was observed for IRF2, IRF5, IRF8, IRF9.
STAT2, STAT4 and STAT6 in more than one independent samples.
Summary of the result is shown in Table 2. Binding of different TFs at the
putative promoters of MALAT1 and NEAT1 in more than one indepen-
dent experiment is shown in Figure 5A. Altered expression of the
Table 2. Summary of binding of different transcription factors in more than one cell li

TFs LncRNAs (condit

IRF1 EPB41L4A-AS1,
and IFNG treated
TERC, ZNF674-A
LINC00857, TP5
expression]

IRF3 LINC00265 (Incr
TP53TG1 (Decre

IRF4 EGOT, EPB41L4
expression)

STAT1 EPB41L4A-AS1,
(Observed in IFN
LINC00857 (Obs

STAT3 EPB41L4A-AS1,
(Increased expre
LINC00857, TP5

STAT5A EPB41L4A-AS1,

MYC EPB41L4A-AS1,
ZNF674-AS1 (In
LINC00857, TP5
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lncRNAs and their possible regulation by transcription factors associated
with viral infections [58, 59] indicates that these lncRNAs might be
involved in pathogenesis of SARS-CoV-2 infection.

It has been shown earlier that MALAT1 and NEAT1 interact with
regulatory region in the active chromatin sites of STAT1, MYC and many
other active genes [56]. Thus such interaction may facilitate the tran-
scription of the TFs cooperating with other TFs. We observed above that
STAT1 andMYC occupied in the putative promoters of the two lncRNA in
different cell lines. Combing the observations, we speculated that there
might be a positive feedback loop between the lncRNAs and TFs
(Figure 5B). Such relations may amplify the signal generated by STAT1 or
MYC as have been observed for other regulators [60, 61]. Role of MYC in
SARS-CoV-2 infection is not known. However, in IAV infection, meta-
bolic deregulation has been observed to be controlled by MYC activation
and inhibition of MYC activation reversed infection-induced changes in
metabolism [57].

4. Discussion

In the present study, we analysed the RNA sequencing data obtained
in different cell lines infected with SARS-CoV-2 and deposited in GEO
database (GSE147507) and observed that expression of 20 lncRNAs was
ne at the putative promoters of deregulated lncRNA in SARS-CoV-2 infected cells.

ions)

HCG11, HIF1A-AS2, LINC00115, LINC00662,MALAT1, NEAT1, (Binding observed in IFNA
cells), LINC00265 (Binding observed in IFNG treated cells and untreated cells), MIAT,
S1 (Binding observed in IFNA, IFNG treated cells and untreated cells)[Increased expression]
3TG1 (Binding observed in IFNA, IFNG treated cells and untreated cells)[Decreased

eased expression)
ased expression)

A-AS1, HCG11, HIF1A-AS2,LINC00265, MALAT1, NEAT1, RMRP, TERC (Increased

HCG11, LINC00265, LINC00473, LINC00662,MALAT1, MIAT,NEAT1, TERC, ZNF674-AS1
G stimulated and un-stimulated cells), RMRP (un-stimulated) [Increased expression]
erved in IFNG stimulated and un-stimulated cells) [Decreased expression]

HCG11, LINC00265, LINC00662, MALAT1, MIAT, NEAT1, RMRP, TERC, ZNF667-AS1
ssion)
3TG1 (Decreased expression)

MALAT1, NEAT1

HCG11, HIF1A-AS2, LINC00115, LINC00265, LINC00662,MALAT1, NEAT1, RMRP, TERC,
creased expression)
3TG1 (Decreased expression)



Figure 5. A: Binding of different transcription
factors at the putative promoters of MALAT1
(hg38 chr11:65,497,688-65,506,431 Size: 8,744
Total Exon Count: 4 Strand: þ) and NEAT1 (hg38
chr11:65,422,798-65,445,540 Size: 22,743 Total
Exon Count: 1 Strand: þ) in more than one in-
dependent experiment observed from ChiP-seq
data in ChIPBase. For MALAT1 data for MYC
(sample ID HUMHG01680), IRF1
(HUMHG05454, treated with IFNA), IRF4
(HUMHG04579), STAT1 (HUMHG00980, stimu-
lated by IFNG), STAT3 (HUMHG04914) and
STAT5A (HUMHG05298) is shown. For NEAT1
data for MYC (HUMHG01680), IRF1
(HUMHG05454, treated with IFNA), IRF4
(HUMHG03345), STAT1 (HUMHG00980 treated
with IFNG), STAT3 (HUMHG02787) and STAT5A
(HUMHG05298). Binding positions of these
transcription factors at the putative promoters of
MALAT1 and NEAT1 in other samples are shown
in the Supplementary Table SXT6.
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increased and 4 lncRNAs was decreased in SARS-CoV-2 infected cells in
more than one experimental condition. Expression of NEAT1 was also
increased significantly in lungs of COVID-19 patients. These lncRNAs,
mainly NEAT1 andMALAT1 interact with thousands of genes/proteins as
evident from the data in NPInter v4.0 database that catalogs experi-
mentally determined interactions mainly in high-throughput assays and
curated [52]. Association of the interacting partners of the deregulated
lncRNA with pathways relevant for viral replication and growth, che-
mokine and cytokine and immune cell functions revealed that the
deregulated lncRNA might play important role in cellular response to
SARS-CoV-2 infection through their interacting partners. In addition, we
observed from ChIPBase database, that transcription factors IRF1, IRF4,
STAT1, STAT3, STAT5A andMYC could bind to the putative promoters of
MALAT1 and NEAT1. Result of our analysis with different experimental
data from various databases shows that NEAT1 and MALAT1 could
contribute to antiviral response to SARS-CoV-2 infection by altering host
gene expression.

Among the altered expression of lncRNAs identified in the manu-
script, expression of MALAT1, MIAT and NEAT1 was common between
HIV infected cells and SARS-CoV-2 infected cells and EGOT and NEAT1
was common between IAV and SARS-CoV-2 infected cells (Supplemen-
tary Text Table STT4.1). Most of the studies were carried out in cultured
cells or animals infected with different viruses (Supplementary Text
Table STT4.2). Recently, increased expression of MALAT1 was reported
in bronchoalveolar lavage fluid of COVID-19 patients ([62], Figure 6 of
the referred paper).

4.1. Interacting partners of deregulated lncRNAs and their association with
COVID-19 relevant pathways

LncRNA interacting genes/proteins are associated with many path-
ways. Among these, 20 MALT1 and NEAT interacting gene/protein was
associated and over represented with interleukin-6 signaling pathway.
Excessive production of interleukin-6, popularly called “cytokine storm”

has been associated with severe COVID-19 resulting in multi-organ fail-
ure [63]. Role of MALAT1 and NEAT1 in this processes, inferred from our
in silico analysis, has yet to be validated. Mechanisms by which lncRNA
including MALAT1 and NEAT1 can modulate IL-6 and NLRP3 inflam-
masome have recently been reviewed [64]. Interleukin-2 signaling
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pathway was significantly enriched with 148 interacting partners of 15
deregulated lncRNA. Decrease in CD8 þ T cell and lymphocyte of
COVID-19 patients has been shown to mediate through this pathway
[65].

4.2. Possible role of deregulated lncRNA in SARS-CoV-2 in interferon
responses

It is difficult to infer with high confidence the role of deregulated
lncRNAs in IFN response in SARS-CoV-2 infected cells from the in silico
analysis. Reduced levels of Type I and III interferon response have been
observed in these cell lines, animal models and human lung tissue from
the COVID-19 patients. However, a subset of ISGs is induced in these cells
[8]. Enhanced expression of ISGs has also been reported in different cells
from patients [14, 15] and in mouse model of COVID-19 [16]. Thus in
this experimental condition, enhanced expression of the lncRNAs could
be independent of Type I and III interferons, but some of the lncRNAs
might modify the ISGs levels as observed in different virus infected cells
[40, 41, 42, 43, 44] by different lncRNA. Interactions of hnRNP U with
lncRNA TP53TG1, EGOT, EPB41L4A-AS1, HIF1A-AS2, LINC00174,
LINC00473, LINC00662, MALAT1, MEG3, MEG9, RMRP, ZNF674-AS1
[66] LINC00842 [67], NEAT1 [56] in high throughput assays could
contribute to the ISGs levels as has been observed with LncRNA32/-
LUARIS [40]. Similar interactions of PART1, TP53TG1, EPB41L4A-AS1,
HIF1A-AS2, LINC00174, LINC00662, MALAT1, RMRP [66] and NEAT1
[56] may also modulate ISGs as has been observed with
TTC39A-AS1/lincRNA-EPS [45]. It is unknown whether paraspeckles is
induced in response to SARS-CoV-2 infection; although expression of
NEAT1, the indispensible component of paraspeckles was increased in
our analysis as well as various viral infections including IAV, HIV and
HTNV. Thus similar mechanism might be operative in SARS-CoV-2
infected cells to increase ISGs.

4.3. Limitations of the study

In the present in silico study, we observed several deregulated
lncRNAs in more than one experimental condition. Analysis with
experimental databases for their interacting partners, association of
pathways relevant for virus replication, transcription, life cycle-related,
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interleukin and interferon related functions, inflammation, immune cell
functions and immunity indicates that lncRNA through their interacting
partners might be involved in these pathways. Binding of several TFs like
IRF1, STAT1 and STAT3 at the putative promoters of several deregulated
lncRNAs from ChIP-seq databases indicates that these lncRNAs could be
components of viral response. This in silico analysis generates several
hypotheses for the role of lncRNAs in SARS-CoV-2 infection and needs to
be validated.

5. Conclusion

Deregulated lncRNA might be involved in the regulation of ISGs and
control viral replication. Interacting partners of the deregulated lncRNA
are associated with interleukin-6 pathways, showing the possible role of
lncRNA in SARS-CoV-2 infection. Some of the lncRNAs could be regu-
lated by IFN-regulatory (IFR) proteins, STAT1 and STAT3, well estab-
lished antiviral responsive regulators. This observation once validated
experimentally in patient samples could provide a new therapeutic target
combating SARS-CoV-2 infection.
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