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Abstract

Severe Acute Respiratory Syndrome Coronavirus Type 2 (SARS-CoV-2) is an envel-
oped single-stranded RNA virus that can lead to respiratory symptoms and damage
many organs such as heart, kidney, intestine, brain and liver. It has not been clearly
documented whether myocardial injury is caused by direct infection of cardiomyo-
cytes, lung injury, or other unknown mechanisms. The gene expression profile of
GSE150392 was obtained from the Gene Expression Omnibus (GEO) database. The
processing of high-throughput sequencing data and the screening of differentially
expressed genes (DEGs) were implemented by R software. The R software was
employed to analyze the Gene Ontology (GO) analysis and the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) analysis. The protein—protein interaction (PPI)
network of the DEGs was constructed by the STRING website. The Cytoscape soft-
ware was applied for the visualization of PPI network and the identification of hub
genes. The statistical analysis was performed by the GraphPad Prism software to
verify the hub genes. A total of 516 up-regulated genes and 191 down-regulated
genes were screened out. The top 1 enrichment items of GO in biological process
(BP), Cellular Component (CC), and Molecular Function (MF) were type I inter-
feron signaling pathway, sarcomere, and receptor ligand activity, respectively. The
top 10 enrichment pathways, including TNF signaling pathway, were identified by
KEGG enrichment analysis. A PPI network was established, consisting of 613 nodes
and 3,993 edges. The 12 hub genes were confirmed as statistically significant, which
was verified by GSE151879 dataset. In conclusion, the hub genes of human iPSC-
cardiomyocytes infected with SARS-CoV-2 were identified through bioinformatics
analysis, which may be used as biomarkers for further research.
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Introduction

Severe Acute Respiratory Syndrome Coronavirus Type 2 (SARS-CoV-2) is an
enveloped single-stranded RNA virus which belongs to the family of coronavi-
ruses and the severe acute respiratory syndrome-related coronavirus (Gorbalenya
et al. 2020). As the seventh known coronavirus, it can be transmitted from person
to person (Anderson et al. 2020). According to the latest data from Johns Hopkins
University in the United States, as of 6:35 a.m. Beijing time, July 23rd, 2020, the
cumulative number of confirmed cases and deaths of new coronavirus disease 2019
(COVID-19) worldwide has exceeded 15 million and 620,000, respectively. Cur-
rently, the number is still rising rapidly.

The respiratory secretions or droplets of infected people, if inhaled, will cause
infection in healthy people. SARS-CoV-2 can spread among people through close
contact (Anderson et al. 2020; Shereen et al. 2020; Xu et al. 2020). Fever and cough
are frequently seen in patients, but some patients may develop myalgia and fatigue
(Xu et al. 2020; Huang et al. 2020). Although the patients mainly show the symp-
toms of the respiratory system, in fact, the virus can damage many organs at the
same time, such as heart, kidney, intestine, brain and liver (Dhakal et al. 2020). It
is reported that 23% of severe patients were diagnosed with cardiac injury, a com-
mon complication that would exacerbate the disease in its severity and progressing,
which includes palpitations or chest pain, myocarditis, acute myocardial infarction
(AMI), heart failure (HF), arrhythmia, as well as venous thromboembolic events
(VTE) (Yang et al. 2020; Chen et al. 2020; Long et al. 2020; Rizzo et al. 2020).
Among them, the AMI and arrhythmia can be seen in patients with COVID-19, and
it is more common in ICU patients (Bansal 2020). The receptor-binding domain
(RBD) of SARS-CoV-2 might bind tightly with human ACE2, which was strongly
expressed in pericytes of human hearts, indicating the potential susceptibility of
cardiomyocytes to SARS-CoV-2 (Chen et al. 2020). Additionally, the expression of
ACE2 was highly increased in the heart failure patient (Chen et al. 2020). In the
direct mechanism, the myocardial injury can be caused by the infiltration of viruses
into myocardial tissues, resulting in the death and inflammation of cardiac muscles.
In the indirect mechanism, cardiomyocyte stress secondary to pulmonary failure,
hypoxemia, and other cardiac inflammation can lead to severe systemic inflamma-
tory response syndrome (SIRS) (Akhmerov and Marban 2020). The preliminary
clinical studies have developed several drugs of therapeutic potential, such as anti-
viral drugs, nucleoside analogues, neuraminidase inhibitors, therapeutic peptide,
RNA synthesis inhibitors, anti-inflammatory drugs, chloroquine phosphate, Lian-
huagingwen capsules and ShuFengJieDu capsules as well (Chakraborty et al. 2020;
Lu 2020; Gao et al. 2020).

The high-throughput sequencing technology provides the information of genes,
pathophysiological mechanism, diagnosis and therapy, as well as the method of anti-
viral prevention and vaccination development (Chan et al. 2020). It not only shortens
the experimental cycle and reduces the cost of experiments, but also significantly
improves the application value of species (such as SARS-CoV-2), the databases
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of which need to be improved due to the scarcity of their biological information
(Pareek et al. 2011).

The exact mechanism of myocardial damage caused by COVID-19 remains
unclear. In this study, the gene expression data of human-induced pluripotent stem
cell-derived cardiomyocytes (iPSC) infected by SARS-CoV-2 was analyzed through
bioinformatics analysis, the result of which is hopefully helpful for studying the
mechanism of the infection of myocardium cells by SARS-CoV-2. It is of great sig-
nificance for the establishment of cardiac antiviral drug screening platform (Bojk-
ova et al. 2020), and helpful to promote the development of clinical targeted drug
therapy. The aim of our study is identifying hub genes and signaling pathways that
SARS-CoV-2 infected cardiomyocytes, which may be available to screen appropri-
ate and effective biomarkers for further research.

Methods
Data Sources

The gene expression profiles of the GSE150392 dataset was downloaded from
the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) data-
base of the National Center for Biotechnology Information (NCBI). The data-
base was designed to stockpile primitive sequences, gene expression datasets and
platform records. Based on the platform of [GPL18573 Illumina NextSeq 500
(Homo sapiens)], the dataset contains six human iPSC-cardiomyocytes samples,
among which the GSM4548303-GSM4548305 served as the infection group while
the GSM4548306-GSM4548308 as the control group.

Data Processing

The R software was applied to calibrate and standardize the high-throughput
sequencing data of the GSE150392 dataset that was downloaded from the GEO
database. The limma package of the R software was employed to screen differen-
tially expressed genes (DEGs) with conditions of [log2FCI>2 and P <0.05, the
pheatmap package to construct the heat-map of DEGs, and the ggplor2 package (Ito
and Murphy 2013) to construct the volcano map.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
Analysis of DEGs

The function and pathway enrichment analysis was employed to explain the bio-
logical functions of DEGs. The GO analysis, consisting of three categories of
cellular component (CC), biological process (BP), molecular function (MF), was
applied to describe the characteristics of genes and gene products (Fan and Wei
2020). The KEGG analysis, a public integrated database of biological systems
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designed for the systematic analysis of gene functions, rendered it possible to
understand the pathways which have changed significantly under experimental
conditions. The clusterProfiler package in the R software was applied to conduct
the GO and KEGG analysis of DEGs, the results of which would be regarded as
statistically significant if P <0.05.

Construction of Protein—Protein Interaction (PPI) Network and Identification
and Validation of Hub Genes

The DEGs were uploaded to the STRING website (Szklarczyk et al. 2017) (http://
string-db.org/) to establish a PPI network that aimed to analyze the relationship
between proteins in DEGs. The visualization and hub-genes screening were per-
formed by Cytoscape software (Su et al. 2014), on which the cyfoHubba plug-in
was installed to calculate the score of each gene. According to Maximal Clique
Centrality (MCC), the 12 genes with the highest degree were identified as hub
genes. To confirm the findings from the bioinformatics analysis, the single-cell
RNA sequencing’s data of the peripheral blood mononuclear cells (PBMCs) from
the GSE150728 dataset and the high-throughput sequencing’s data of human
embryonic stem cell-derived cardiomyocytes (hESC-CMs) from the GSE151879
dataset were applied to verify the hub genes. The GraphPad Prism software was
used to analyze the data from the GSE150728 dataset and GSE151879 dataset,
and P <0.05 indicated the significant difference.

Construction of gene and miRNA Interactions network

The microRNAs (miRNAs), short non-coding single-stranded RNAs, play a part in
pathogenesis of diseases in which they can control a variety of biological functions
by regulating gene expression (Chou et al. 2018; Mitash et al. 2020; Sacar Demirci
and Adan 2020). After uploading the gene list to the Network Analyst website,
the miRTarBase v8.0 database was used to perform network analysis (Chou et al.
2018), which collects information about miRNA-target interactions (MTI) verified
by experiment.

Results

Identification of DEGs

Totally 707 DEGs have been screened out according to the criteria of [log2FCI|>?2
and P <0.05, including 516 up-regulated genes and 191 down-regulated genes, the

results of which were presented in the form of volcano map and heat map (Fig. 1A,
B) with the help of ggplot2 package and pheatmap package in the R software.
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Fig. 1 Volcano map and heat map of differentially expressed genes (DEGs). A Red dots indicated up-
regulated genes and blue dots indicated down-regulated genes. Black dots indicated the rest of the genes
with no significant expression change. The threshold was set as followed: P <0.05 and llog2FCI>2. FC:
fold change. B Gene expression data is converted into a data matrix. Each column represents the genetic
data of a sample, and each row represents a gene. The color of each cell represents the expression level,
and there are references to expression levels in different colors in the upper right corner of the figure

GO Enrichment Analysis of DEGs

The GO enrichment analysis denoted that the parts playing a role of significance
in BP section are response to type I interferon, type I interferon signaling pathway,
cellular response to type I interferon, etc. (Fig. 2A). As for CC section, sarcomere,
contractile fiber part, contractile fiber, I-kappa B/NF-kappa B complex, as well
as myofibril rank top 5 (Fig. 2B). Additionally, the MF part presents that the top
enrichment items are receptor ligand activity, receptor regulator activity, cytokine
receptor-binding, DNA-binding transcription activator activity, RNA polymerase II-
specific, and cytokine activity (Fig. 2C). More details of the top 5 significant items
in BP, CC, and MF of GO enrichment can be seen in Table 1.

KEGG Pathway Enrichment Analysis of DEGs
The biological functions of DEGs were identified through the KEGG path-

way enrichment analysis. The result of the analysis of is shown in Fig. 2D.
According to the P-value, the top 10 enrichment pathways were obtained,

@ Springer



Biochemical Genetics

K3o[01u0 QU OO ‘sowoudd pue SAUIT Jo

eIpado[oAous 0J0AY HDOHFY ‘uonounj re[nddjow Jpy ‘syuduodwod Ie[ny[ed ), ‘sassasoid [eo13ojo1q Jg ‘sisA[eue skemyied HOTI pue SISA[EUE JUSWYDLIUD OO YL, 7 b4

0-0¢
¥0-92

0-01

anjead

€000
2000

1000

anjead

siunoo OO3IM

o
@

=)
1]
I II o

Q
@

sunoo OO

o
«
=)

L uonoayui ejjouowies

+ kemyjed Buijeubis Mdvn

wyhys ueipeasd

t Kemuyped Buisuas-yNQ 2110SOKD

+ suonealidwoo onaqelp ul kemyjed Buiieubis 39vy-39V
4 shnedoy

199UED Ul uonenBaisiw jeuonduosues]

L siseluewysio

O shnedeH

L uonoajul eIUISIO

Luonoajur snuinsadiay pajeroosse-ewooles isodey
ksiselwosouedAl) ueouyy

10)da981 BUIOIAD PUE BUIOIKD YIIM Ul
+kemyjed Buijeubis Jojdadal unos| adA1-0

104d [BIA 51000

eIa)

t kemuyjed Buijeubis 10)daoas ayij-|loL 01000
L uonenuasaYIp ISe[00d}SO
euejep 0000
L (siselwosouedAy ueouswy) aseasip sebeyd
SHuyLE plojewnayy anjead
+ kemyjed Buijeubis 10ydaoas ayi|-|-O1Y
Fsissnyad
+ kemyjed Buijeubis Jo0ydeoas axil-QON
FUon3}UI SNJIA Lieg-uis)sd3
v ezuanjuj
+sa|seapy
t kemyyed Buijeubis z1-7)
L uonoesayul 10)daoas aujOILO-BUOILD
L sisojjouoiba
t kemyjed Buijeubis g eddey-4N
+hkemyjed Buljeubis N L D
0
Bj09ABO
- wsejdooses
Juswe|yoAw
01631 DLISWOIIUSD 'SWOSOWOIYO
yes sueiquisw ewsed
Faueiquaw ewseqd jo apis [euIOX®
JuBWIBJY UIY) SJOSNW Pajel)s
uoiBaJ aueIqudaw
xa|dwoo zgeddex-3N/erPg
X9]dwioo €41v-dOHO
+uquoAw oelpied
xa|dwoo uuodosn 60-30'L
UIBLIOPOIOIW SUBIqUISW
yes sueiquisw 01-95°L
Faueiquaw wnipodopeAur 01-20's
osip 7
XLJew Jejn||aoenxe 01-35T
1U0D-uBBE(00
anjead
ajnuesb eydie jejeeld
xo|dwoo 0gOpN
uawinj wnjnonas oiwsejdopua
uswinj wnjnonas olwse|dooses
xo|dwoo uluodoly oelpsed
x9]duwi0o |-y 10}08) uondiosues
Fuquokw
xe|dwoo gedde-4N/geddey-|
18Qy B|IO.HUOD
Jed Jaqy ajnoenuod
}-asswooles m

2
€
S
3
L] II

o
3
=]
«

1

sjouop Jo dnoib ZHN-HO ay) uo Bunoe ‘AjiAnoe asejonpalopixo

Buipuiq J0ydadas ayI|-unoa) |30 Jaj|I |eanjeu

Buipuiq Jojoey uonduosues HIHg

J0)daoas pajdnoo-uigjoid ©

Buipuiq Jojey uonduosues Buneaioe

Kuanoe aseyjuis apixosadopua-uipue|bejsosd

AKuanoe Joyeinbas asejeydsoyd

J10)deooe se uabAxo ‘siouop Jo dnoib ZHN-HD @y} uo Bunoe ‘AyAioe asejonpalopix
Loyoads~|| asesawA|od YNy ‘ANAnoe Jossaidas uonduosues) Bulpuig-yNQg

Buipuiq uueday

Ayanoe aunjowayo

Buipuiq 4N

Ayanoe Joyq
Buipuiq 10j08; uonduosues Buneaoe || esesswAjod YNY

Buipuiq ueok|Boulesook|6

Buipuiq uubajur

AKuanoe asejayjuis ajejfuspeobijo-g-,z
Kuanoe asepixo-g auisA|-utejoid

Buipuiq ¥NQ duads-aouanbas sajowoid jewixosd

Buipuiq xog-3

Ananoe Jojoey ymoib

Buipuiq yNQ d110ads—-aouanbas sajowoid [ewixod || asesewAjod YNy
Kuanoe aunjoko

Loyoads-|| asesawA|od YNy ‘AiAoe Jojeanoe uonduosues) Bulpuig-yNGg
Buipuiq J0)dadas suINokO

Ayanoe Jojejnbas J0ydeoal

Ayanoe pueb| J0ydacas

d4

sisejsoway Jo uone|nbas

ybnoiyy I 150l jo
L ewweb-uosapaul 0} asuodsas
UOIOBIIUOD BJOSNL
uone|nbeod poojq Jo uonejnbas
$58001d WalsAS BoSNW
Aynnoe Jojoey Buipuig-yNQ Jo
u NN_:NQ_O X_ZNE Je|njj@denxe
snjnwis [eula)xe 0} asuodsal Jo uonejnbal
+asuodsas aunwiwi aandepe jo uoie|nbal
uonesbiw a)fooxna|
ssa00.d onuyAys
snnwis auBjOILO 0} asuodsai Jo uone|nbal
UoISaYPE [|89-180 dYko0NNa|
uonesbiw a)£003na) Jo uone|nbal
ssaooud wsiuebio-nnw Jo uonenbas
snnwis [eolueydsW 0) dsuodsal
$58001d WsiUEBIO-HNW Jo uoyejnbas snjebau
uibLio |es)oeq Jo 8|noajow o) asuodsal Jejn|jeo
SNINWIS 91j0Iq 0} 9SUOASaJ JeN|j90
L apueyooesAjododi| 0) asuodsai Jejn|jao
npoid aunjojko Jo uonejnbai aanisod
.mv:m:oommzonon__ 0) asuodsal

o

uosapalul | adA) o) asuodsal Jejn|j@d
L kemyjed Buijeubis uosapayur | adAy
uosapalul | adA) o) asuodsal <

pringer

Qs



Biochemical Genetics

TENAN/CIAAN/CTOI/VIENIN

AVZAN/ZOSVI/OIH/TISAAD/PSINTIL
/TVLOV/EAVO/CAT/EINNL/CdITIDLI/EdISI/ TCOINAS/LTAN
/AVOL/ZAOW T/ TAN/CTAW/ TONNL/ZT TX 9/TINNL/ TINLSOS/TOLOV

AVZAW/ZOSVI/OH/YSINTIL
/TVLOV/EAVI/CAAT/EINNL/CdT DL/ EdISD/ TCOINAS/LTAN
/AVIL/CAOW TV TAW/TTAN/ TONNL/ZT TX 9/TINNIL/ TINLSOS/TOLOV

AVZAN/ZOSVI/OIH/YSINTIL
/TVLOV/EAVO/CAAT/EINNL/CdITID LI/ € dASD/ TCOINAS/LTAN
[dVIL/ZAOWTH TAW/TTAN/TONNL/ZTTX 4/CINNL/ TNLSOS/TDLOV

CLVLS/TXIN/LTIAL/2AVSd/6ddVd/TLIAI/0TTOXD/T INATS/THIAT

/STINTIL/CTNTIL/€d 9D/8SXHA/8SXAA/TAV ATH/ TAHINY S/ THY1A1/91d1

/TANAL/STOSI/ T TICA/CLS I/ TEXLA/CSVO/0TOST/ESVO/EdIVANL/SEINTIL
TXIN/EETI/TSVO/LAI/ T/ DTN/ TdIVING/VCTHEDZ/€0d19/9TI/d 111

CLVLS/TXIN/LTIAL/cAVSd/6ddVd/1LIAI/0TTOXD
/TINATS/THIAL/STINTIL/CTNTI L/ €d 9D/8 SXHA/8S XAA/CLIAL/ AV AT
/TAHNVS/TrvIA1/91A1/ TANAL/PASANL/ € LIAL/S TOSI/YYIAL/ T Td A/ LS 9
/1EXLA/TSVO/OTOSIVT T/ TINLIAI/ ESVO/€dIVANL/SEINTIL/ TXIN/€€TL
JTSVO/LAAY/ T/ dOIN/ TdIVIND/€TOE/VTITHEDZ/€0d1d/9 T/ 171SO4/d 111

CLVLS/SEIAI/TXIN/LTIA/ TV AL/ZAV S/ TLIA/8TdSN
JCLIAU/NILOVO/88AAN/TAHINV S/9IAL/ TANAI/ELIAI/S TDSI/CLS4/CSVO
/0TDST/001dS/3-VIH/TINLIAI/€SVO/TIOd/ TXIN/T SVO/ LA/ TAd1/84d1

CLVLS/SEII/CXIN/LTIAI/ TV El/cAVSd/1.LIdI/81d SN

JCLI/NILOVO/88AAN/TAHINV S/9IAL/ TANAI/ELIAI/S TOSI/CLS4/CSVO
/0TDS1/001dS/d-VIH/TINLIAI/€SVO/TIOH/ IXIN/1 SVO/ LA/ T4d1/84d1

CLVLS/SEII/TXIN/ LTI/ TAVA/ZAVSA/ T LI/ T1dSN/CLIAL

INLLOVO/88AAW/TAHINY S/OIAI/ T ANAL/€LIAI/S TDOSI/CLSd/CSVO/0TOST
/001dS/4-VTH/TINLIAI/€SVO/TIDH/ TXIN/TSVO/LAF/ T4/ LINHS/84 1

(44

1c

Ic

6¢

Ly

6C

6C

0¢

LO—HL6T6S 6 xo[dwoo geddey-IN/geddey-[

LO=AYLIYY'L 19qY A[1OLNU0))

LO—HTTT90'L 11ed 1oqy 9[noRNUOD

LO—HSSLEE'T QIaW0dIeS

81—H966£S°S snIA 0) asuodsar asujaq

SI—HL6CTEO'] SIIA 0) 9suodsoy]

TT—AST0¢6 uoIdjIaul T 2dA) 03 osuodsar refnfe)

22-4aS10¢'6  Aemyyed Surpeusts uorgprayur [ odAJ,

TT—HALI99Y' T uo1dyIa)ul | 2dA) 03 asuodsay]

9ST°€£0°0:0D

6T°€v0°0:0D

67 ¥7¥0°0:0D

L10°0€0°0:0D

L091S0°0:0D

S19°600°0:0D

LSETLO0:0D

LEE'090°0:0D

OrEvE0°0:0D

20

20

20

20

dd

dd

dg

dd

dg

dIouen juno)

onfeA-4 uondrosaq

dr ASojouQ

(anyea-4 01 SuIp1099€ (JJA) UOTOUNJ Je[nds[ow pue (D)) Jusuodwod rened ‘(Jg) ssedoid [eordofoiq ur Ajeansadsar ¢ doy) surie) OO JO JUSWYDLIUD JuedYTUIIS | 3|qe]

pringer

& s



Biochemical Genetics

0T'IOXO
JTANAI/YASANL/ TdNLL/V T TI/9TTOD/AIT/9TIX D/ € TI/INSO/6ASAN.L
/TADTO/ TINGED/VEHNI/ TASD/VLT/8TOXD/CTOXD/L IO/ T/ AT T

CddZ/1OVLS/1SVdd/THOVE/TSLE/TINAN

STLNIV/NOU/EY TANZ/OTA T/ TANESO/AI GHID/ TIDF/TIHl/ AN

[CALV/OAW/EVYAN/ A/ Y ALY XIS/€ATH/COLVAN/SOA/dSOA/SATH
/ANNI/€L1IAA/d9A/dAVIN/SVXOH/CONT/CIDA/TISOH/ T VVIAN/CV VAN

NAXd/TAdTI/0TTOXD/SVOLY/ 1ATAdS/88AAN/0TTOD/TANAL
[PASANL/CACHS/V T T/ TAVAL/OTTID/AIT/9TOXI/INSO/6dSANL/ TADTO
[TINFID/TASD/OIDIA/VLT/8TOXD/TTID/CTOXD/L IO/ T/ AT T/ TT 1L

NAXd/94dD/01TOXD/HIHD
/9dING/TANAL/YASANL/COLS/TVO/TdNLL/AGHNI/CNAV/dNA L/ VT L
TEDAN/ITTOD/AIT/ITOXD/CdATrOAD/C e T/ CALIIT/INSO/ESTVOT
/NAAN/6ISANL/ TADTO/TOLS/A AL/ TINHIO/VIHNI/ T1ASD/LADA/DADTA
INLT/8TOXD/ECTOXD/CAONH/ LTI/ T/ AT TS TAAD/CTADA/TTIXD/T 111

9dAD/0I'IOXD/HIHD
/9dING/TANA/YASANL/COLS/TVO/TdNLL/AGHNI/CNAV/dNAL/ VT L
JEDAN/ITTOD/AIT/ITOXD/CdATrOAD/CE T/ CALIAT/INSO/ESTVOT
/INddAN/6dSANL/TADTO/TOLS/A AL/ TINFED/VIHNI/ TASD/LdDd/D4DdA

INVLT/8TOXD/CTOXD/CAONH/LTOD/9 T/ AT TI/S TAAD/TTADA/TTOXD/T11L
dVZAN/ZOSVI/OIH/YSINTIL

/TVLOV/EAVO/CAAT/EINNL/CdITIDLI/EdASD/ TCOINAS/LTAN
[dVIL/ZAONT/H TAW/TTAN/TONNL/ZTTX d4/CINNL/ TINISOS/TOLOV

1c

9¢

6¢

144

€

Ic

80—HToEITE

80—HII1ET

IT—HE166S°S

[T—3v69vy'1

CI—dI1€019°¢

90—HdE68LO’T

K)1A1)o® QU OIAD

oyroads-1
aserowkjod YN ‘A11Aanoe 10}
-eAnoe uonduosuen Suipuiq-yNd

Surpuiq-101dedar suroIL)

Kyanoe 1oyerndar 103doosy

Kyanoe puediy 103dooay

[HQUOAN

STI'S00°0:0D

8TT'100°0:0D

9T1°600°0:0D

SPS0€0°0:0D

810°8¥0°0:0D

910°0€0°0:0D

dJN

JN

AN

AN

dN

20

I PueD Juno)

anfeA-g

uonduosaq

dr ASojouQ

(ponunuoo) | |qey

pringer

f's



Biochemical Genetics

€I/1AVHl
JTEAN/SVOLI/8SAAW/NNU/YATL/ VI T/ TOXD/T4d1/SO4/8 TOXD/84d1/9 T/ 111

CLVLS
[T/ TN/ TXNVA/ed dO/88AAN/NAU/ TANAL/CEITd/CS VOV A TL/ESVO/EdIVANL
/TSVO/LAA/7dSVI/8TOXD/TTOD/CTOXD/ €A1/ T/ T T/ TTOXD/VIAMAN/TTOXD

CLVLS/IAdIY/ TAV AL/ TININ
/0TIDXD/1dVL/8SXAA/SSAAN/CAV CAIH/NOUL/ TANA/Y¥AD/S TOSI/CSVO/d-VTH
/TINVII/ESVO/EAIVANL/ISVO/ LA/ TAAAN/OAN/ASyAAVO/dTdd/1 SHH/9 T/ VI AN

CLVLS/TIIAN/CAVSd
/40TASYANL/OTTOXD/ THIAL/STINTIL/8SXAA/88AAN/CAVCAIH/ TANAI/CSVO/F A TL
IVCTTI/TINVII/ESVO/TXIN/EETI/ESOOS/TSVO/LAI/STOXD/TIOD/9 T/ AT T/ VINAN

CLVLS/EAVTAIA/ TAVIL/ TINAN/THIA/8SXAA/88AAN/TAV CAIH/NOL/ TANAL/CSVO
FATL/OVASH/VCTI /46 9V A/€SYO/EdIVANL/ TXIN/TSVO/LAAT/SOA/9 T/ AT T/ VINAN

TIMIN/OTTOXD/NAU/OTTOD/8VO0TS/EdIVANL/ITOXD/SOA
/dSOd/8"TOXD/TTOD/€TOXID/CSDLA/LTOD/9 T/ T ISOA/A T T/ T TOXD/VIANAN/TTOXD

AOTASYANL/ IV TI/dOTASYANL

NTVAETT/9AAD/0TTOXD/TATTI/ANSO/9dINE/0TTOD/ TANAL/YASANL/ T T T 1L

/A9 SEANL/AGHNI/ VI T/ VIS T T/9TTOD/MEI T/ TOXD/ €€ T/INSO/6dSANL/ TADTD
/NAHNI/TASD/VLT/8TOXD/CTTOD/CTOXO/LTOD/I T/ A1 T/S TAAD/ T TOXID/TTOXD/T T

E/TIAAN/SSAAN/FATD
FATL/OVASH/VCT T/ T TO/CAMAN/STOX D/ TOXD/9 T/ AT T/ T TOXD/VIMAN/TTOXD

I/ VAL
JTEMAN/ATAD/TIT T/ STINTIL/SXAA/83AANW/VATL/ TINVOL/ TAV AL/ €dIVANL/CINMAN
/VLT/8TOXD/dSyAavO/dTdd/€TOXD/CSDLA/e0dId/d 1 T/ T TOXD/VIENAN/TTOXD

AT/ TEIAN/OTTOXO/NAL/0TTID/TANAL
IITN/TINVOI/ 1AV A L/ATT/€dIVANL/9TOXD/€SOOS/TAA/8M EdVIN/ TASD/OIDFA
/SOA/VLT/ANN/TTOD/ETOXD/CSDLA/€TOI/ €I/ T/ T T/ T TOXD/VIAMAN/TTOXD

SI

4

LT

9C

14

0c

LE

91

14

0¢

Kemuped Surpeusts 103dooa1 oI[-QON

uonoJuI SNIIA Ireg-urd)sdyg

Kemyped Surreudis / 1-1

01—HLSL9¢'T uonderaiur 10)dooar aun{0}£o-aunoIL)

Kemyyed Surreusts g eddey-IN

Kemyjed Surpeudis JN.L

£e1soesy

129%0vsy

691508sYy

¥91508sYy

29160esy

LS9PORSY

09010esy

yel1soesy

Y90t0esy

89910BsY

I ouen Iuno)

ar

(onrea-g 03 Surpiodoe) skemyred DO poyoLud Apueoyrusis 0] doy ay], g d|qel

pringer

As



Biochemical Genetics

D
4("3'4 ‘«14\!}\
R |\ T
e

OAS1

OAS3

Fig. 3 The PPI network of DEGs and the top 12 hub genes of PPI network

including TNF signaling pathway, NF-kappa B signaling pathway, Legionellosis,
Cytokine—cytokine receptor interaction, IL-17 signaling pathway, Measles, Influ-
enza A, Epstein-Barr virus infection, NOD-like receptor signaling pathway and
Pertussis, as shown in Table 2.

Construction of PPl Network and Identification and Validation of Hub Genes

A PPI network was constructed in the STRING website, which consists of 82
nodes and 213 edges. By visualizing and screening hub genes with Cytoscape
software, a PPI network and top 12 genes were obtained and presented in Fig. 3A,
B. The top 12 genes were: ISG15, MX1, IFIT1, IFIT2, RSAD2, OAS2, IFIT3,
MX2, OAS1, OAS3, IFI6 and DDX58, which were confirmed as statistically sig-
nificant verified by the GSE151879 dataset (Fig. 4A). The relative expression lev-
els of 10 hub genes, namely ISG15, MX1, IFIT1, RSAD2, OAS2, IFIT3, MX2,
OAS1, OAS3 and IFI6, were also consistent with single-cell RNA sequencing of
PBMCs from the GSE150728 dataset, while DDX58 and IFIT2 showed no statis-
tically significant difference (Fig. 4B).

Construction of gene and miRNA Interactions network
After network visualization, Gene-miRNA interactions were presented in Fig. 5.

According to the criterion of the degree, the miRNA-hsa-mir-335-5p was finally
screened out.
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Fig.4 A Verification of hub genes with GSE151879 dataset. P-value <0.05 is considered to be statisti-
cally significant. B Verification of hub genes with GSE150728 dataset. P-value <0.05 is considered to be

statistically significant
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Fig.5 The gene-miRNA network of DEGs based on miRTarBase v8.0 database

Discussion

In this study, the gene expression profile of the GSE150392 dataset was downloaded
from the GEO database, and 707 DEGs were identified, including 516 up-regulated
DEGs and 191 down-regulated DEGs. In addition, the GO enrichment analysis
and KEGG pathway analysis were applied to analyze the functional enrichment of
DEGs. A PPI network was applied to identify the hub genes that might play a sig-
nificant role in the infection of cardiomyocytes by SARS-CoV-2.

As presented in the figure that described the results of GO enrichment analysis of
DEGs, it is believed that the smaller the P-value is, the more significant the extent
of enrichment in the GO analysis is. As for biological processes (BP), DEGs are
most significantly enriched in response to type I interferon, type I interferon sign-
aling pathway and cellular response to type I interferon. Type I interferon has a
broad-spectrum antiviral feature against RNA viruses, which may lead to innate and
adaptive immune response to function against viruses. Besides, IFN-a promotes the
expression of ACE2 that is strongly expressed in human hearts. The RBD of SARS-
CoV-2 binding ACE2 leads to infection, while SARS-CoV-2 can employ species-
specific interferon to drive up-regulation of ACE2 to promote infection (Chen et al.
2020; Ziegler et al. 2020; Mantlo et al. 2020). In terms of cellular components (CC),
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sarcomere and contractile fiber play a role of significance in the GO enrichment.
The direct damage of cardiomyocytes, cardiac inflammation, immune response,
myocardial interstitial fibrosis, and hypoxia caused by SARS-CoV-2 might act
on sarcomere and contractile fiber probably, all of which may result in functional
changes in the sarcomere and contractile fiber, and gradually evolve into myocar-
dial injury (Babapoor-Farrokhran et al. 2020). In the respect of molecular function
(MF), receptor ligand activity and receptor regulator activity are most significantly
enriched in DEGs. The ACE2 appears to be the crucial functional receptor of SARS-
CoV-2 (Coutard et al. 2020; Walls et al. 2020). Interaction between viral protein
ligand and cell receptor of SARS-CoV-2, a critical step in replication of viruses, is
also a crucial process of virus infection, which might be determined by the type of
chemical interactions, activity between receptor and ligand, and the regulator activ-
ity (Ortega et al. 2020).

The KEGG pathway enrichment analysis discovered that quite a few signifi-
cantly enriched KEGG pathways rated by P-value, such as TNF signaling path-
way, NF-kappa B (NF-xB) signaling pathway, and Legionellosis, are highly rel-
evant to the infection of SARS-CoV-2. As for the TNF signaling pathway, TNF is
the crucial inflammatory cytokine resulting in various acute and chronic inflam-
mations (Soy et al. 2020). TNF-a level was observed much higher in serum of
patients with COVID-19, implying that it is positively correlated with the sever-
ity of disease (Soy et al. 2020). With the progress of SARS-CoV-2 infection,
monocytes and macrophages increased, resulting in cytokine storm, which meant
the release of cytokine and pro-inflammatory cytokines, including IL-1, IL-8, and
TNF (Soy et al. 2020; Runfeng et al. 2020). The inflammatory response triggered
by the SARS-CoV-2 in myocardium drives an up-regulation of TNF signaling
pathway. In terms of the following pathway of NF-kappa B (NF-xB), it is involved
in inflammation, innate and adaptive immune response, pathological development
of tumor or cancer, and even the critical regulators of stress responses, apopto-
sis and differentiation (Baldwin 2001; DiDonato et al. 2012; Oeckinghaus et al.
2011). SARS-CoV-2 triggered the stimulation of humoral and cellular immune
response as well as mitogen-activated protein kinase (MAPK) pathway and NF-
kappa-B signaling pathway, and gradually caused deregulation of immune system
and up-regulation of inflammatory pathways, especially NF-kappa B (Mozafari
et al. 2020; Wu and Yang 2020; Li et al. 2020). The higher expression of NF-
kappa B conducted the induction of the naive T cell activation and proliferation,
promoted the expression of chemokine expression and other immune response,
and finally resulted in inflammatory cytokine storm in myocardium (Mozafari
et al. 2020; Hoesel and Schmid 2013).

The 12 hub genes of cardiomyocytes specifically infected by SARS-COV-2 were
identified, namely ISG15, MX1, IFIT1, IFIT2, RSAD2, OAS2, IFIT3, MX2, OASI1,
OAS3, IFI6 and DDX58, which may become the biomarkers. Among the 12 genes,
Anna et al. (Rahnefeld et al. 2014) found that ISG15, as a part of innate immunity of
cardiomyocytes, plays a significant role in the inhibition of viral replication in mouse
cardiomyocytes infected by Coxsackievirus B3 (CVB3). Besides, SARS-CoV-2 can
induce a large number of ISG expressions, either as effectors, regulators or both,
which is the antiviral response of the body (Clemente et al. 2020). It is suggested
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that ISG15 may play a crucial role in cardiomyocytes infected by SARS-CoV-2.
As for another hub gene (MX1), Eshwar et al. have shown that the f, subunit of
Cav1.2 channels can promote the expression of IFN-related genes (including MX1)
in cardiomyocytes, thus alleviating viral infection (Tammineni et al. 2018). IFIT1,
IFIT2, IFIT3 and IFITS constitute the human IFIT gene family, which expressed
very low in most cell types but can be significantly increased by interferon therapy,
viral infection and pathogen-related molecular pattern (PAMP) (Pidugu et al. 2019).
SARS-CoV-2 can induce strong antiviral response by up-regulating antiviral factors
such as OAS1-3, IFIT1-3 and CXCL9 / 10/ 11 of Th1 chemokine, and reduce ribo-
somal protein transcription (Lieberman et al. 2020).

Hsa-miR-335-5p regulates significant transcription factors and participates in
activating the pathways affiliated with inflammation and angiogenesis. It may acti-
vate WNT and TGF-p signaling pathways, both of which exert pleiotropic and
multifunctional effects, regulating a considerable number of biological processes,
TGF-p and WNT signaling pathways (Kay et al. 2019; Esquinas et al. 2017). In the
pathogenesis of cardiac remodeling and fibrosis, TGF-p plays an important role
(Dobaczewski et al. 2011).

The gene expression profiles of normal human iPSC cardiomyocyte samples and
human iPSC cardiomyocyte samples infected by SARS-CoV-2 were studied through
bioinformatics analysis, and finally, the hub genes of human iPSC-cardiomyocytes
after SARS-CoV-2 infection were identified. Although sequencing data from other
datasets were used for verification, further experimental research analysis (such as
gRT-PCR) still need to be conducted to acquire abundant data to verify the predicted
results obtained from the bioinformatics analysis. There are still some limitations to
this study. It failed to understand clearly the mechanism of several dominant genes
being involved in the infection of cardiomyocytes by SARS-CoV-2. The other limi-
tation is that the small sample size and data sets of this study would affect the accu-
racy of the conclusions. Further research is entailed to demonstrate the molecular
mechanism of these biological events involved in the infection of cardiomyocytes by
the novel coronavirus.

Conclusion

In conclusion, the RNA-Seq data of human iPSC-cardiomyocytes infected by SARS-
CoV-2 was studied through bioinformatics analysis. Finally, the hub genes associ-
ated with SARS-CoV-2 infection were identified, which may reveal the mechanism
of heart damage caused by SARS-CoV-2 or suggest biomarkers.
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