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Abstract
Ferroptosis, an iron-dependent form of regulated cell death, has been associated with many virus infections. However, 
the role of ferroptosis in dengue virus (DENV) infection remains to be clarified. In our study, a dengue fever microarray 
dataset (GSE51808) of whole blood samples was downloaded from the Gene Expression Omnibus (GEO), and a list of fer-
roptosis related genes (FRGs) was extracted from the FerrDb. We identified 37 ferroptosis-related differentially expressed 
genes (FR-DEGs) in DENV-infected patient blood samples compared to healthy individuals. Gene Ontology (GO), Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses as well as protein–protein interaction (PPI) network 
of FR-DEGs revealed that these 37 FR-DEGs were mainly related to the C-type lectin receptor and p53 signaling pathway. 
Nine out of the 37 FR-DEGs (HSPA5, CAV1, HRAS, PTGS2, JUN, IL6, ATF3, XBP1, and CDKN2A) were hub genes, of 
which 5 were validated by qRT-PCR in DENV-infected HepG2 cells. Finally, using miRNA-mRNA regulatory network, we 
identified has-miR-124-3p and has-miR-16-5p as the most critical miRNAs in regulating the expression of these hub genes. 
In conclusion, our findings demonstrated that 5 FR-DEGs, JUN, IL6, ATF3, XBP1, and CDKN2A, and two miRNAs, has-
miR-124-3p and has-miR-16-5p may implicate an essential role of ferroptosis in DENV infection, and further studies are 
warranted to explore the underlying mechanisms.

Keywords Dengue virus (DENV) · Ferroptosis · Bioinformatics analysis · Differentially expressed genes (DEGs) · 
Ferroptosis-related genes

Introduction

Dengue virus (DENV), with a positive-stranded RNA genome, 
is a globally circulating flavivirus transmitted through mos-
quito bites [1]. The incidence of DENV infection (dengue 
fever, DF) is increasing annually, causing a  major  pub-
lic health concern in tropical and subtropical regions [2]. 
Other than DF, DENV infection may develop into a more 
severe form designated as dengue hemorrhagic fever (DHF).

DENV infection may induce cell death although the 
mechanisms may vary. It has been reported that damaged 
mitochondrial fusion and altered mitochondrial morphol-
ogy as well as impaired antiviral responses were observed 
in DENV-infected cells, leading to enhanced viral replica-
tion and cell death [3]. In addition, DENV proteins have 
been shown to induce cell apoptosis through synergistic 
activation of complements and chemokines, resulting in 
transient vascular leakage [4]. DENV infection was also 
reported to be associated with mitochondria-mediated 
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apoptosis by regulating ISG12b2 [5]. Accumulating data 
also suggest that DENV induced autophagy regulates cel-
lular lipid metabolism to benefit its own replication [6]. 
Ferroptosis, an iron-dependent form of cell death, is char-
acterized by intracellular iron-dependency and accumula-
tion of lipid ROS, indicating ferroptosis is mainly medi-
ated by ROS [7, 8]. As a new type of cell death, ferroptosis 
has been involved in the pathogenesis of many viruses. 
For example, ferroptosis has been shown to be associated 
with the replication of SARS-CoV-2 [9], Hepatitis C Virus 
(HCV) [10], Epstein-Barr virus (EBV) [11], Hepatitis A 
virus (HAV) [12], and Influenza A virus (IAV) [13]. How-
ever, little is known about the role of ferroptosis in the 
pathogenesis of DENV infection.

In our study, we first identified the differentially 
expressed genes (DEGs) from GSE51808 dataset which 
hosted the gene expression data from whole blood samples 
of 28 patients infected with DENV and 9 healthy individu-
als. Next, these DEGs were integrated with FRGs from the 
FerrDb database to further obtain FR-DEGs. PPI network 
analysis based on FR-DEGs yielded 9 hub genes, of which 
5 hub genes JUN, IL6, ATF3, XBP1, and CDKN2A were 
upregulated in DENV-infected patients and they were 
successfully validated by qRT-PCR in DENV-infected 
HepG2 cells. Finally, we identified has-miR-124-3p and 
has-miR-16-5p were the most critical miRNAs in regulating 
the expression of these ferroptosis-related hub genes during 
DENV infection.

Materials and methods

Data acquisition and processing

We downloaded the GSE51808 dataset from the GEO data-
base (http:// www. ncbi. nlm. nih. gov/ geo, made to public on 
Jun 27, 2014). The dataset is based on the gene expression 
data in whole blood samples from 28 patients with DENV 
acute infection (18 DF and 10 DHF) and 9 healthy indi-
viduals performed on GPL13158 platform (Affymetrix HT 
HG-U133 + PM Array). FerrDb database is the first manu-
ally curated database that dedicates to ferroptosis regula-
tors and ferroptosis-disease associations [14]. Ultimately, 
we obtained 259 corresponding ferroptosis-related genes 
(FRGs) from FerrDb V2 database (http:// www. zhoun an. 
org/ ferrdb, accessed on 31 May 2022). Ferroptosis regula-
tors include driver, suppressor, marker, or multi-annotated 
genes, and details and classification of FRGs are shown in 
Supplementary Table1. In addition, the details and classifi-
cation of these 28 patients together with 9 healthy controls 
are shown in Supplementary Table 2.

Screening of FR‑DEGs from DENV‑infected whole 
blood samples

All data were quantified by log2 scaling  to ensure  that 
they were normally distributed. Before DEG analysis, a prin-
cipal component analysis (PCA) was performed for dimen-
sionality reduction using the R package amap [15]. DEGs 
between patients with DENV infection and the healthy 
individuals were identified using the DESeq2 package in 
R software with cutoffs at |log2 FC|> 1 and P-value < 0.05 
[16]. Annotations appear on volcano maps were based on 
the ggplot2 packages [17]. 259 FRGs were obtained from 
the FerrDb database and then they were intersected with 
DEGs of GSE51808 to identify FR-DEGs by Venn diagram. 
Finally, expression heatmap of FR-DEGs was used for visu-
alization by ComplexHeatmap R package [17].

Functional enrichment analysis of FR‑DEGs

To further investigate the biological function of FR-DEGs, 
we performed the GO functional annotation and KEGG 
pathway analysis using the R package ClusterProfiler [18]. 
The GO analysis has three categories containing biological 
process (BP), molecular function (MF) and cellular compo-
nent (CC) categories. P < 0.05 was considered as statistical 
significance.

PPI network analysis and identification of the hub 
genes

PPI network of FR-DEGs was constructed using the STRING 
database (https:// string- db. org/) to obtain protein interac-
tions with a combined score ≥ 0.4, and PPI networks subse-
quently were visualized and analyzed by Cytoscape software 
v3.6.1 [19]. In addition, we utilized the CytoHubba plugin in 
Cytoscape to track the top 10 highly connected genes by four 
algorithms including Maximal Clique Centrality (MCC), 
Maximum Neighborhood Component (MNC), Degree, and 
Edge Percolated Component (EPC) [20]. The hub genes 
were obtained from the four algorithms by using intersec-
tion in Venn diagram. In addition, we tracked the expression 
levels of these hub genes in GSE51808 dataset.

Cell culture and DENV virus infection

Human hepatocellular carcinoma cell line HepG2 was 
routinely maintained in our laboratory and the cells were 
cultured in Dubecco modified Eagle medium (DMEM, 
Hyclone, United States) supplemented with 10% fetal bovine 
serum (FBS, AN Biotech, Germany), 100 U/mL of penicillin 
(Hyclone, United States), and 100 μg/mL of streptomycin 
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(Hyclone, United States) at 37 °C in a 5%  CO2 humidified 
incubator. DENV-2 virus (New Guinea C strain) was gener-
ously provided by professor Zhongtian Qi (Naval Medical 
University, China). HepG2 cells were infected with DENV-2 
in a multiplicity of infection of 1 (MOI = 1) for 2 h followed 
by incubation for 48 h.

RNA isolation and qRT‑PCR

Total RNA was extracted from cells using Trizol reagent 
(Invitrogen, United States) and cDNA was synthesized using 
high-capacity cDNA Reverse Transcription Kit (Toyobo, 
Japan) based on the manufacturer’s protocol [21]. qRT-
PCR reactions were performed using CFX96 Real-Time 
PCR System (Bio-Rad, United States) with the 2 × PCR 
Master Mix (Toyobo, Japan). The  2−ΔΔCt method was used 
to calculate the fold difference of all test genes normal-
ized to GAPDH as an internal reference. The sequences of 
qRT-PCR primers designed and synthesized by Shenggong 
Biotech Co. Ltd. (Shanghai, China) are listed in Table 1. 

Construction of miRNA‑mRNA regulatory network

In the present research, NetworkAnalyst 3.0 platform using 
the miRTarBase v8.0 database (https:// www. netwo rkana lyst. 
ca/ Netwo rkAna lyst/ home. xhtml) was used to build pathways 
upstream of hub genes to reveal the potential miRNA-mRNA 
regulatory networks [22]. And Cytoscape software v3.6.1 
was used to construct and visualize the regulatory networks 
[23].

Statistical analysis

Statistical analysis of qRT-PCR results was performed using 
GraphPad Prism software. Between-group differences were 

compared by Student’s t-test. Data were expressed as the 
mean ± SEM from at least  three replicates. * stands for 
P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; and 
ns, not significant. The overall flow chart of this study is 
shown in Fig. 1.

Results

Identification of FR‑DEGs

After batch correction, the median for each sample was 
essentially located on the horizontal line, indicating a good 
normalization between samples was obtained (Fig. 2A). 
Batch variation of the PCA plot shows good clustering 
between the two groups (Fig. 2B). Volcano plot was drawn 
to visualize the DEGs (Fig. 2C). These DEGs in GSE51808 
were intersected with 259 FRGs screened from FerrDb, and 
37 FR-DEGs were identified between the blood samples of 
DENV-infected patients and healthy individuals (Fig. 2D 
and Table 2). Heatmap analysis revealed the expression 
patterns of these 37 FR-DEGs (Fig. 2E). The details of 
these FR-DEGs including driver, suppressor, and marker 
genes were shown in Fig. 2F. Interestingly, the same gene 
can be both driver, suppressor, or marker. TFRC, ATF3 and 
ALOX5 are both driver and marker genes while SLC40A1 
is both suppressor and marker gene. Same analyses were 
used to identify the FR-DEGs in either DF or DHF patients 
compared to healthy controls and 34 and 53 FR-DEGs were 
identified in DF and DHF, respectively (Figure S1 and S2).

Enrichment analysis of FR‑DEGs

To elucidate the potentially enriched pathways of the 37 
identified FR-DEGs, GO and KEGG analyses were per-
formed. The top 5 terms in the three GO domains BP, CC, 

Table 1  The qRT-PCR primer 
sequences used to validate the 
hub genes in DENV-infected 
HepG2 cells

Gene Forward primer (5′-3′) Reverse primer (5′-3′)

HSPA5 CTG TCC AGG CTG GTG TGC TCT CTT GGT AGG CAC CAC TGT GTTC 
CAV1 CCA AGG AGA TCG ACC TGG TCAA GCC GTC AAA ACT GTG TGT CCCT 
HRAS TGT AAA ACG ACG GCC AGT CAG GAA ACA GCT ATG ACC 
PTGS2 CGG TGA AAC TCT GGC TAG ACAG GCA AAC CGT AGA TGC TCA GGGA 
JUN CCT TGA AAG CTC AGA ACT CGGAG TGC TGC GTT AGC ATG AGT TGGC 
IL-6 AGA CAG CCA CTC ACC TCT TCAG TTC TGC CAG TGC CTC TTT GCTG 
ATF3 CGC TGG AAT CAG TCA CTG TCAG CTT GTT TCG GCA CTT TGC AGCTG 
XBP1 CTG CCA GAG ATC GAA AGA AGGC CTC CTG GTT CTC AAC TAC AAGGC 
CDKN2A CTC GTG CTG ATG CTA CTG AGGA GGT CGG CGC AGT TGG GCT CC
GAPDH GTC TCC TCT GAC TTC AAC AGCG ACC ACC CTG TTG CTG TAG CCAA 

https://www.networkanalyst.ca/NetworkAnalyst/home.xhtml
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and MF are shown in Table 3. The GO-MF enrichment 
analysis indicated that these genes were mainly related to 
transaminase activity, oxidoreductase activity, ubiquitin pro-
tein ligase binding, ubiquitin-like protein ligase binding, and 
antioxidant activity (Fig. 3A). KEGG analysis showed most 
of these genes were mainly enriched in neurodegeneration-
multiple diseases, Alzheimer disease, C-type lectin recep-
tor signaling pathway, apoptosis, and p53 signaling pathway 
(Fig. 3B). The top 10 terms in KEGG pathway are shown 
in Table 4.

Construction of PPI network and identification 
of the hub genes

The PPI network constructed from 37 FR-DEGs between 
DENV infected and healthy individuals has a total of 34 
nodes and 56 edges (Fig. 4A). Nine common (hub) genes 
(HSPA5, CAV1, HRAS, PTGS2, JUN, IL6, ATF3, XBP1, 
and CDKN2A) were identified using any of the 4 differ-
ent algorithms (MCC, MNC, Degree and EPC) by Cyto-
Hubba plugin, and they were displayed in a Venn diagram 
for easier visualization (Fig. 4B). The genes identified from 
any of the four algorithms were shown in Table 5. The 
expression patterns of these 9 hub genes were further vali-
dated in GSE51808 dataset. Except for one gene, PTGS2 
whose expression was downregulated, all the other 8 hub 
genes (HSPA5, CAV1, HRAS, JUN, IL6, ATF3, XBP1, 
and CDKN2A) were upregulated in DENV infected patient 

samples (Fig. 5). These genes may regulate ferroptosis in 
DENV infection and further validation in DENV infected 
cells has been planned in our future study.

For 34 FR-DEGs identified in DF patients compared 
to healthy individuals, eight hub genes (HRAS, NRAS, 
PTGS2, JUN, ATF3, CDKN2A, HSPA5, and CAV1) were 
obtained from PPI analysis (Figure S1 and S3). Except for 
one gene, HRAS whose expression was downregulated, all 
the other 7 hub genes were upregulated (Figure S3B) in DF 
patients compared to healthy individuals. Similarly, nine 
hub genes (ATF3, MAPK1, JUN, DUSP1, HSPA5, PTGS2, 
HRAS, TLR4, and IL6) were identified by PPI analysis 
from 53 FR-DEGs in DHF patients (Figures S2 and S3) and 
six (ATF3, JUN, HSPA5, HRAS, and IL6) were upregu-
lated, while three (MAPK1, DUSP1, PTGS2, and TLR4) 
were downregulated in DHF patients compared to healthy 
individuals (Figure S3D). Although 5 common hub genes 
(HRAS, PTGS2, JUN, ATF3, and HSPA5) were identified 
and three genes (JUN, ATF3 and HSPA5) were upregulated 
in both DF and DHF patients, expression patterns of the 
remaining two common genes, HRAS and PTGS2 are quite 
different. HRAS gene was downregulated in DF while it was 
upregulated in DHF, while PTGS2 was upregulated in DF 
while it was downregulated in DHF (Figure S3B, 3D). These 
findings may implicate the potential relationship between 
level of ferroptosis genes expression and severity of dengue 
infection (DF vs DHF), and further studies are warranted to 
explore the potential mechanisms.

Fig. 1  The flow chart of the data collection and analysis
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Validation of the hub genes by qRT‑PCR 
in DENV‑infected HepG2 cells

We performed qRT-PCR analyses to validate changes in the 
expression levels of the hub genes in DENV-infected HepG2 
cells. As shown in Fig. 6, the expression levels of JUN, IL6, 
ATF3, XBP1, and CDKN2A were significantly upregulated 

in HepG2 cells infected with DENV-2, and these results 
were consistent with bioinformatics analyses although the 
expression levels of the remaining 4 genes, HSPA5, CAV1, 
HRAS, and PTGS2, were not confirmed.

Fig. 2  The overview process for the identification of FR-DEGs between 
DENV-infected patients and healthy individuals. A Normalization of 
GSE51808 dataset. The blue boxes represent samples from healthy indi-
viduals (control, n = 9) and the green boxes represent DENV-infected 
patient samples (DENV, n = 28). Black lines show the median data of each 
sample. B The visualization of PCA for GSE51808. C Volcano plot of the 
DEGs, including 884 upregulated and 1289 downregulated genes. Red, 
upregulation; green, downregulation. Genes without any significant differ-
ences are shown in black. |log2FC|> 1 and P < 0.05 were set as cut-off cri-
teria. D Venn diagrams showing the FR-DEGs that intersected between the 

DEGs in the GSE51808 dataset and FRGs in the FerrDb database. E The 
heat map of 37 FR-DEGs between healthy individuals and DENV-infected 
patient samples. Red, up-regulated genes; blue, down-regulated genes. F 
The 37 FR-DEGs were divided into driver, suppressor, and marker genes 
related to ferroptosis based on their functions. DENV, Dengue Virus; 
DEGs, differentially expressed genes; FR-DEGs, ferroptosis-related differ-
entially expressed genes; PCA, principal component analysis
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MiRNA‑MRNA regulating network analysis

To further investigate the post-transcriptional regulatory net-
work between miRNAs and hub genes, a miRNA-mRNA 
regulatory network was constructed based on 9 hub genes 
and this network contained 217 nodes and 251 edges (Fig. 7). 
We selected top eight miRNAs based on the degree (Table 6). 
Among these miRNAs, has-miR-124-3p was linked with IL6, 
PTGS2, XBP1, CDKN2A, and CAV1, and has-miR-16-5p 

interacted with PTGS2, JUN, CDKN2A, and HSPA5. Thus, 
we consider has-miR-124-3p and has-miR-16-5p to be the 
most critical miRNAs that may play a major role in regulating 
the post-transcriptional expression of the hub genes involved 
in ferroptosis during DENV infection.

Discussion

DF, a global arthropod-borne viral disease, is caused by 
DENV infection mainly transmitted through mosquito bites 
[24]. The pathogenesis of DENV remains partially under-
stood. Many viruses exploit the host responses to benefit 
their replication. As a new type of cell death, ferroptosis has 
been involved in the pathogenesis of many viruses, such as 
SARS-CoV-2, HCV, EBV, HAV, and IAV [9–13]. However, 
the role of ferroptosis in the pathogenesis of DENV infection 
has not been explored. In this current study, we employed 
bioinformatics analysis coupled with the in-vitro cell culture 
model to elucidate the potential involvement of ferroptosis 
in DENV infection based on the microarray gene expression 
dataset from public databases.

GSE51808 dataset, which contains gene expression data 
from 28 patients (18 DF and 10 DHF) with acute DENV 
infection and 9 healthy individuals, was downloaded for 
our analysis. DEGs were identified from GSE51808, and 
these DEGs were intersected with 259 FRGs screened from 
FerrDb, and 37 FR-DEGs, including 7 down-regulated 
genes and 30 up-regulated genes, were obtained (Fig. 2D 
and Table 2). GO-MF analysis indicated that these genes 
were largely involved in the antioxidant and oxidoreductase 
activities, indicating that oxidation is an essential process in 
ferroptosis which was consistent with previous reports [25, 
26]. Results from KEGG analyses indicated that these 37 
FR-DEGs were mainly associated with C-type lectin recep-
tor, apoptosis, and p53 signaling pathway.

CLEC5A, a member of C-type lectin receptor family, 
has been recognized as a critical signaling molecule that 
mediates the enhanced production of TNF-α in the pro-
cess of DENV infection [27]. It has been confirmed that 
the blockade of CLEC5A-mediated signaling could attenu-
ate the production of proinflammatory cytokines by mac-
rophages infected with DENV [28]. Although CLEC5A was 
not identified as one of the hub genes in our current study, 
C-type lectin receptor may be involved in the pathogenesis 
of DENV. DENV infection may induce cell death through 
different mechanisms. For example, DENV proteins induce 
apoptosis in infected cells by activating NF-κB signaling 
[29]. Recent studies have shown that p53 signaling path-
way can promote ferroptosis following virus infection [30]. 
Study from Xie, et al. demonstrated that p53 was a positive 

Table 2  List of 37 FR-DEGs identified from the FerrDb database and 
GSE51808 dataset, including 7 down-regulated and 30 up-regulated 
FR-DEGs

FR-DEGs Gene name logFC P-value

Down-regulated (7) PTGS2 − 2.27972 0.000111
LAMP2 − 1.70428 4.75E-08
TSC22D3 − 1.39983 0.00000183
ALOX5 − 1.25945 0.0000708
BID − 1.10949 0.00000809
GABARAPL1 − 1.07332 0.00000127
SLC40A1 − 1.05841 0.000196

Up-regulated (30) SLC7A5 1.023559 0.00427
CDKN2A 1.044359 0.000962
IL6 1.10593 0.0056
ENPP2 1.108133 0.0121
HSPA5 1.13755 0.00000598
JUN 1.146253 0.00159
GPT2 1.150532 0.0000561
CISD1 1.163766 0.000000263
MTDH 1.189707 0.0000253
CAV1 1.197655 0.0000087
PML 1.197655 0.0000087
PRDX1 1.21343 2.04E-08
NQO1 1.218374 0.00000328
EIF2S1 1.233119 7.85E-08
HRAS 1.268031 0.000000818
TFRC 1.270797 0.0000502
FH 1.282317 0.00000112
NRAS 1.304142 1.27E-09
GABPB1 1.353799 0.000000215
GOT1 1.379922 0.00000458
SCD 1.438562 0.000000413
XBP1 1.534997 0.00015
ATF3 1.888947 0.00346
AIFM2 1.891788 0.000000798
STMN1 1.928406 0.000000696
SLC1A4 2.272858 0.000000417
HELLS 2.553774 0.000000728
PSAT1 2.600444 4.15E-09
AURKA 2.642327 7.85E-08
RRM2 4.449601 7.06E-11
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Table 3  The top 5 terms in 
GO analysis for 37 FR-DEGs 
between DENV-infected patient 
and healthy individual samples

Category Term Description Gene ratio P-value

BP GO:0,009,267 Cellular response to starvation 7/37 1.51E-08
BP GO:0,071,496 Cellular response to external stimulus 9/37 1.53E-08
BP GO:0,031,669 Cellular response to nutrient levels 8/37 1.68E-08
BP GO:0,031,668 Cellular response to extracellular stimulus 8/37 4.37E-08
BP GO:0,042,594 Response to starvation 7/37 8.34E-08
CC GO:0,042,470 Melanosome 4/37 4.55E-05
CC GO:0,048,770 Pigment granule 4/37 4.55E-05
CC GO:0,000,792 Heterochromatin 3/37 4.20E-04
CC GO:0,000,421 Autophagosome membrane 2/37 0.002
CC GO:0,030,176 Integral component of endoplasmic reticu-

lum membrane
3/37 0.003

MF GO:0,008,483 Transaminase activity 3/37 1.09E-05
MF GO:0,016,769 Oxidoreductase activity 2/37 0.001444546
MF GO:0,031,625 Ubiquitin protein ligase binding 6/37 2.79E-05
MF GO:0,044,389 Ubiquitin-like protein ligase binding 6/37 3.91E-05
MF GO:0,016,209 Antioxidant activity 3/37 7.64E-04

Fig. 3  GO and KEGG enrichment analysis of the 37 FR-DEGs. A 
The top 5 terms in the three GO domains (BP, CC, MF) are shown in 
bubble plot. B Top 10 KEGG pathways. GO, Gene Ontology; KEGG, 

Kyoto Encyclopedia of Genes and Genomes; BP, Biological Process; 
CC, Cellular Components; MF, Molecular Functions; KEGG, Kyoto 
Encyclopedia of Genes and Genomes
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regulator of ferroptosis through inhibition of SLC7A11 
expression [31]. In addition, p53 signaling was shown to 
activate type I interferon pathway and promote cell apoptosis 

to inhibit DENV infection [32]. Considering the fact that our 
analysis points to the involvement of p53 signaling pathway 
in the pathogenesis of DENV infection, especially through 

Table 4  The top 10 terms in 
KEGG pathway analysis for 
37 FR-DEGs between DENV-
infected patient and healthy 
samples

Category Term Description Gene ratio P-value

KEGG hsa05167 Kaposi sarcoma-associated herpesvirus infection 7/30 5.10E-06
KEGG hsa04625 C-type lectin receptor signaling pathway 5/30 3.55E-05
KEGG hsa05022 Pathways of neurodegeneration—multiple diseases 9/30 3.68E-05
KEGG hsa04137 Mitophagy—animal 4/30 1.07E-04
KEGG hsa05211 Renal cell carcinoma 4/30 0.000113116
KEGG hsa04210 Apoptosis 5/30 0.00012778
KEGG hsa04140 Autophagy—animal 5/30 0.000132277
KEGG hsa04115 p53 signaling pathway 4/30 0.000140955
KEGG hsa05163 Human cytomegalovirus infection 6/30 0.000148252
KEGG hsa04932 Non-alcoholic fatty liver disease 5/30 0.000202533

Fig. 4  PPI network analysis 
of 37 FR-DEGs by Cytoscape. 
A PPI network constructed with 
FR-DEGs, including 34 nodes 
and 56 edges. Each node rep-
resents protein, and each edge 
shows interactions between 
these proteins. B Intersection 
of top 10 hub genesfrom the 
PPI network analysis ranked 
by four algorithms (MCC, 
MNC, Degree, and EPC). PPI, 
Protein-Potein Interaction; 
FR-DEGs, ferroptosis-related 
differentially expressed genes; 
MCC, Maximal Clique Central-
ity; MNC, Maximum Neighbor-
hood Component; EPC, Edge 
Percolated Component
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ferroptosis, it will be interesting to investigate how ferrop-
tosis affect DENV infection in future studies.

To further reveal the mechanism underlying the biologi-
cal processes, a PPI analysis based on the 37 FR-DEGs was 
performed. Nine hub genes (HSPA5, CAV1, HRAS, PTGS2, 

JUN, IL6, ATF3, XBP1, and CDKN2A) were identified by 
all the 4 different algorithms. Five out of these 9 genes were 
confirmed by qRT-PCR and they were all up-regulated in 
DENV-infected HepG2 cells, and these results were con-
sistent with GES51808 dataset. As shown in Fig. 2F, IL-6, 
ATF3, and XBP1 were classified as marker genes of fer-
roptosis that may indicate the presence of ferroptosis during 
DENV infection. JUN was considered as an inhibitor gene 
of ferroptosis, while ATF3 and CDKN2A were classified as 
driver genes that may promote ferroptosis [14].

DENV infection induces the increased production of IL6 
which has been implicated in the pathogenesis of severe 
DENV disease [33]. It has been reported that IL6, a pro-
inflammatory cytokine, promotes ferroptosis by inducing 
cellular ROS-dependent lipid peroxidation and disrupting 
iron homeostasis [34]. Interestingly, IL6 reversed ferroptosis 
and growth suppression that was induced by xCT knock-
down because xCT is a key amino acid antiporter facilitating 
ferroptosis resistance [35]. Collectively, these results clearly 
demonstrated that IL-6 plays an important regulatory role 
in the pathogenesis of DENV infection through modulating 
ferroptosis. ATF3, another hub genes we identified from this 
study, is also involved in ferroptosis. It has been reported 
that as a common stress sensor gene, ATF3 induces ferropto-
sis by repressing SLC7A11 expression [36]. Elevated ATF3 
was also found to induce ferroptosis in gastric carcinoma 
by inhibiting Nrf2/Keap1/xCT signaling [37]. Another hub 
gene XBP1, a critical regulator involved in cellular unfolded 
protein response (UPR) and plasma cell differentiation, has 
been shown to promote ferroptosis in human T-lymphotropic 
virus type 1 (HTLV-1) infection [38, 39]. CDKN2A, also 
named as ARF, stimulated ROS-induced ferroptosis in a 
p53-independent manner [40]. In our current study we also 
identified the expression level of CDKN2A was increased 
in HepG2 cells infected with DENV. All these findings indi-
cated that IL6, ATF3, XBP1, and CDKN2A were closely 
linked to ferroptosis and virus infection, and these data form 
the basis for our hypothesis that these genes may be involved 
in the pathogenesis of DENV infection by regulation of fer-
roptosis in host cells.

To strengthen our hypothesis that ferroptosis is involved 
in the pathogenesis and severity of DENV infection, FR-
DEGs of DF and DHF patients were further analyzed and 
compared. Eight hub genes (HRAS, NRAS, PTGS2, JUN, 
ATF3, CDKN2A, HSPA5, and CAV1) were obtained in DF 
patients compared to healthy individuals by PPI analysis. 
HRAS, NRAS, ATF3, and CDKN2A were considered as 
driver genes that may promote ferroptosis. PTGS2 and ATF3 
were considered as marker genes of ferroptosis that may 

Table 5  Top 10 FR-DEGs 
identified from PPI network 
by any of the four algorithms 
(MCC, MNC, Degree, or EPC) 
of CytoHubba

Algorithm Gene Score

IL6 9
JUN 8
HRAS 7
CAV1 6

MCC PTGS2 6
ATF3 6
HSPA5 5
XBP1 5
EIF2S1 4
CDKN2A 4

MNC IL6 9
JUN 8
HRAS 7
CAV1 6
PTGS2 6
ATF3 6
HSPA5 5
XBP1 5
TFRC 4
CDKN2A 4

Degree IL6 9
JUN 8
HRAS 7
CAV1 6
PTGS2 6
ATF3 6
HSPA5 5
XBP1 5
TFRC 4
CDKN2A 4

EPC IL6 9
JUN 8
HRAS 7
CAV1 6
PTGS2 6
ATF3 6
HSPA5 5
XBP1 5
TFRC 4
CDKN2A 4
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indicate the presence of ferroptosis during DENV infection, 
and HSPA5, JUN, and CAV1 were considered as inhibitor 
genes of ferroptosis [14]. Similarly, nine hub genes (ATF3, 

MAPK1, JUN, DUSP1, HSPA5, PTGS2, HRAS, TLR4, and 
IL6) were identified in DHF patients compared to healthy 
individuals by PPI analysis. Although 5 common hub genes 

Fig. 5  Validation of the expression patterns of the hub genes iden-
tified from the FR-DEGs between patients  with DENV (n = 28) 
and healthy  individuals (n = 9) in the GES51080 dataset. A HSPA5, 
B CAV1, C HRAS, D PTGS2, E JUN, F IL6, G ATF3, H XBP1, 

and I CDKN2A. Each point shows a sample. Statistical analysis was 
performed with the Wilcoxon rank sum test. *P < 0.05; ** P < 0.01; 
*** P < 0.001
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(HRAS, PTGS2, JUN, ATF3, and HSPA5) were identified 
and three genes (JUN, ATF3 and HSPA5) were upregulated 
in both DF and DHF patients, expression patterns of the 
remaining two common genes, HRAS and PTGS2 are quite 
different. HRAS gene was downregulated in DF while it was 
upregulated in DHF, while PTGS2 was upregulated in DF 
while it was downregulated in DHF (Figure S3B, 3D). These 

findings may implicate the potential relationship between 
level of some ferroptosis-related gene expression, such 
as HRAS and PTGS2, and severity of dengue infection 
(DF vs DHF). Taken together, findings not only show a 
clear relationship between DENV infection and ferropto-
sis but also implicate the potential involvement of some 

Fig. 6  Validation of the expression levels of hub genes in DENV-
infected HepG2 cells by qRT-PCR. No significant changes were 
found in the expression level of (A) HSPA5, (B) CAV1, (C) HRAS, 
and (D) PTGS2. The expression levels of (E) JUN, (F) IL6, (G) 
ATF3, (H) XBP1, and (I) CDKN2A were upregulated in DENV-

infected cells (n ≥ 3) compared to non-infected controls (n ≥ 3). Data 
are presented as mean ± SEM; P-values are shown as: ns, not sig-
nificant; **P < 0.01; ***P < 0.001; ****P < 0.0001. DENV, Dengue 
Virus; qRT-PCR, quantitative real-time polymerase chain reaction; 
SEM, standard error of mean
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ferroptosis-related hub gene expression patterns (up or 
down) in the severity of DENV infection (DF vs DHF).

Many genes are regulated at post-transcriptional level 
and microRNAs have been shown to play a major role 
in this regulation process. Therefore, identification of the 
potential microRNAs that may regulate these ferroptosis-
related hub genes may provide novel insights into under-
standing the gene regulatory network and the potential 
targets for antiviral drug development. Two microRNAs, 
has-miR-124-3p and has-miR-16-5p have been identified 
to target more than one hub genes and they may represent 
the major non-coding RNAs involved in the regulation 
of ferroptosis-related hub genes. However, the detailed 

biological function and regulation role of these micro-
RNAs need further validation in our future study using 
DENV cell culture model.

Conclusion

Using various bioinformatics analysis tools, we identified 
and validated 9 hub genes, which were involved in ferrop-
tosis and DENV infection. Our current results indicated the 
expression patterns and levels of some FRGs may be closely 
associated with the severity of dengue disease (DF or DHF). 
In addition, we also found two microRNAs that regulate 

Fig. 7  Construction of miRNA-gene interaction networks based on the Network Analyst. Purple square nodes denote the 9 hub genes, and green 
triangle node denote miRNAs. The line stands for the interaction between miRNAs and hub genes. miRNA, MicroRNA
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these hub gene expressions. Although further studies on the 
biological function of these hub genes and regulatory role of 
these microRNAs are clearly needed, our data undoubtedly 
demonstrated an essential role of ferroptosis in the patho-
genesis and severity of DENV infection.
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