
D
N

A
TE

s

PCK1PCK2

KLF2

CSF2

IL32 PDGFB

IL7

SA
RS

-C
oV

-2

dsRNA Innate  
Immunity

Cytokines 
and GFs

PTEN
AKT1

AKT2

FOXO3

CREB3

Glycolysis  
Gluconeogenesis

Immuno-
regulation

Cell Survival

N

HNRNP*

Viral  
RNA

Human RBPs

EIF4B

Cytoplasm Nucleus

PIP3

Phospholipid 
metabolism

Splicing

mRNA stability
Translation 
initiation

PABPC1

HNRNP*

IL6

N
H

BE

A
54

9

C
al

u-
3

Upregulated

Downregulated
Activation

Repression

Interaction

Isoform switch

HNRNPs*: Several HNRNPs affected 
HNRNPA3P6 (Upregulated and isoform switch) 
HNPRNP-A1,A2B1, -L (Downregulated and 
having RBPs binding sites)

TE expression can be cell line specific, but to 
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Transcriptomic response to viral infection

1. DEGs upon SARS-CoV-2 infection 
2. DE isoforms upon SARS-CoV-2 infection 
3. Pathway and Functional enrichment analyses of DEGs 
4. Integration with human metabolic network 
5. Prediction of regulatory regions (TEs and TFBS)

SARS-CoV-2
Infection

Virus interaction with human RBPs

1. RBP motifs present in SARS-CoV-2 genome 
2. Conservation analyses 
3. Matching against GTeX data 
4. Matching against SARS-CoV-2/human PPI network 
5. Matching against DEGs

Transcriptomic response to SARS-CoV-2 infection 
From the transcriptomic analyses, we tried to pinpoint genes specific to SARS-CoV-2 infection.  
• We detected 33 up- and 8 down-regulated genes specifically differentially expressed (DE) in 3 out of 4 SARS-CoV-2 datasets. 
• Isoform switch analysis detected interesting isoform differential usage such as IL-6 and NHRNPA3P6 (Fig. 2).  
• Transcriptomic data integration with human metabolic network detected common decreased fluxes in inositol phosphate 

metabolism (PIP3). In A549 cells, we also predicted decreased fluxes in several lipid related pathways: fatty acid, cholesterol, 
sphingolipid, and glycerophospholipid.  

• Signaling pathway enrichment revealed that type I interferon signaling was inhibited in both A549 and Calu-3 cells at MOIs of 0.2 
and 2, respectively.  

• We detected 16 DE transposable element (TE) families upregulated specifically in SARS-CoV-2 infected lung cells (Fig. 3).  

SARS-CoV-2 interaction with human RNA bidning proteins (RBPs) 
Although SARS-CoV-2 infection triggers a transcriptional response in human cells, it has been shown that viral RNA can associate 
with host human binding proteins RBPs (Shi & Lai, 2005, PMID: 15609510; Barnhart et al., 2013, PMID: 24210824), resulting in 
two possible outcomes: (i) some of these interactions may influence SARS-CoV-2 replication, transcription or translation; and (ii) 
the interaction of human RBPs with viral RNA affects their availability for human mRNAs, resulting in dysregulation of human gene 
expression. The overview of these analyses and results are depicted in Fig. 4 and Table 1. 

Selected and SARS-CoV-2 specific genes from all analyses are depicted in Fig. 5.
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Introduction and Objectives 
In December of 2019 a novel betacoronavirus named severe acute respiratory syndrome coronavirus 2  
(SARS-CoV-2) emerged in Wuhan, China (Huang et al., 2020, PMID:31986264). This virus is the etiological 
agent of COVID-19 disease. This pathogen had already infected more than 10 million people worldwide and 
caused over 500,000 deaths by June 29th (World Health Organization). Ever since its abrupt emergence, 
the scientific community has incessantly tried to gain a better understanding of this virus, with studies 
ranging from laboratory-based mechanistic approaches, to computational drug discovery and repositioning. 
The need for an effective treatment for COVID-19 is urgent and, as a result, recent studies have sought to 
identify host proteins or drugs that interact directly with SARS-CoV-2 proteins (Gordon et al., 2020, PMID: 
32353859; Calligari et al. 2020, PMID: 32295237). In this work, we present a comprehensive analysis on 
the human transcriptomic response during SARS-CoV-2 infection from publicly available datasets along with 
predictions of host-virus interactions based on available SARS-CoV-2 genomic sequences (Fig. 1).

Figure 1. Overview of the approaches and methods used in this study and the two main questions we addressed (i) how does the human 
host respond to the viral infection and (ii) how does the virus directly manipulate the host. In the first question we performed a general gene and 
transcript differential expression analysis based on available datasets of lung cells (NHBE, A549 and Calu-3) infected with SARS-CoV-2, 
Influenza A virus (IAV), human parainfluenza virus type 3 (HPIV3), and respiratory syncytial virus (RSV) along with lung biopsies infected with 
SARS-CoV-2 (Blanco-Melo et al., 2020, DOI: 10.1016/j.cell.2020.04.026). The list of differentially expressed genes (DEGs) was used as input to 
pathway and gene ontology (GO) enrichment analyses. In order to detect possible metabolism-related functions, we integrated the RNAseq 
data with the available human metabolic network (Thiele et al., 2013, PMID: 23455439; Pusa et al., 2019, PMID: 31504164). Furthermore, 
transposable element (TE) upregulation has been frequently observed upon viral infection (Machietto et al., 2020, PMID: 31964680) and was 
also studied. In the second question we identified human RNA-binding proteins (RBPs) capable of binding to the viral genome and regulating 
downstream processes (Shi & Lai, 2005, PMID: 15609510). To do so, we analyzed around 25,000 available SARS-CoV-2 genome sequences 
(from GISAID, Elbe & Buckland-Merrett, 2017, PMID: 31565258) to predict conserved putative interaction sites with human RBPs, and used the 
gene expression analysis to identify bidirectional regulation between human RBPs and SARS-CoV-2.
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1. Searching for differentially expressed 
TE (DE TE) families

Most were endogenous retroviruses 

Some already known to participate in IFN 
response 

E.g.: MER41B 
16 DE TE families

• MHC class I, immune response regulation 
• IL17, IL1 
• Phospholipid metabolism 
• Progressive pulmonary function 

impairment

Figure 4. General pipeline for RBP putative binding site search within SARS-CoV-2 genome. We 
searched the SARS-CoV-2 genome for known RBP binding motifs detecting whether these hits were 
enriched inside specific viral regions: 5'UTR, 3'UTR, intergenic, positive genome or negative stranded 
intermediates. Once we had a list of enriched RBPs, we looked at the conservation in these sites on ~25k 
SARS-CoV-2 sequences available in GISAID. This analysis resulted in 18 human RBPs whose binding 
motifs are enriched and conserved within SARS-CoV-2 genomes. Interestingly, all proteins predicted to 
interact with 5'UTR are associated with viral RNA stability in the context of other viral infections.

Table 1. Detailed 
expression 
information for 
selected RBPs.  
Information reagarding 
this work (DE Analysis 
and RBP binding sire 
prediction) along with 
literature data (GTex 
datasets and PPI 
Map). 

*1 scRNA expression in 
ACE+ and TMPRSS2+ 
lung cells, dataset 
GSE122960; 

*2 PPI Map : Gordon et 
al, 2020, PMID 
32353859; 

*3 Conserved in SARS-
CoV-2 genomes.

Conclusions 
Many of the genes identified in this work are interesting and worthy of additional experiments to validate the 
analyses and predictions presented here (Fig. 3). We suggest new avenues for research into the differential 
susceptibility of humans to COVID-19, and novel insights on the virulence of SARS-CoV-2, which will be helpful to 
the scientific community to fight this disease in the near future.

Figure 5. Schematic representation of possible specific SARS-CoV-2 mechanisms and host cellular response to infection. 
In this work we tried to pinpoint genes and proteins regulated specifically in the context of SARS-CoV-2 when compared to the 
other viruses tested. The green circle represents the N protein from the viral genome. The blue hexagon PIP3 represents the 
metabolite phosphatidyl inositol triphosphate, which was predicted to be less available in the metabolic network integration. Even 
though many other proteins in each of the patwhays are impacted, we show here only those that were not dysregulated by other 
viruses in the datasets tested.

Figure 2. SARS-
CoV-2 samples 
exhibit significant 
changes in gene 
expression and 
isoform usage. Top 
expressing genes 
are associated with 
biological functions 
such as the anti-
viral immune 
response, RNA 
splicing and protein 
processing. 
Horizontal lines 
indicate a 30% or 
greater change in 
isoform usage 
between conditions 
(dIF = |0.3|). dIF = 
differential isoform 
fraction. FDR = 
false discovery rate 
(p-value).

Figure 3. Overview of transposable 
element analyses. We first used TEtools 
(Lerat et al., 2017, PMID:28204592) to 
detect differential expression of families. TE 
expression can be cell line specific, but to 
detect SARS-CoV-2 related TE activation, 
we selected upregulated families in Calu-3 
and A549 cell lines infected with SARS-
CoV-2, and excluded all DE TE families 
detected in A549 infected with other 
viruses. Functional enrichment analysis was 
performed with GREAT (McLean et al., 
2010, PMID: 20436461).
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