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Abstract. The functionof longnoncodingRNAs (lncRNAs) in liver injury resultedbydenguevirus (DENV) infectionhave
not yet been explored. The differential expression profiles of lncRNAs (aswell asmRNAs) in the L-02 liver cells infected by
DENV1,DENV2, or uninfectedwere compared andanalyzed after a high throughput RNAseq. The significantly up-regulated
and down-regulated lncRNAs (or mRNAs) resulted by DENV infection were identified with a cutoff value at log2 (ratio) ³ 1.5
and log2 (ratio) £ −1.5 (ratio = the reads of the lncRNAs or mRNAs from the infection groups divided by the reads from the
control group). Several differentially expressed lncRNAs were verified with reverse transcription quantitative real-time po-
lymerase chain reaction (RT-qPCR). Target gene analysis, pre-miRNA prediction, and the lncRNA-mRNA co-expression
network construction were performed to predict the function of the differentially expressed lncRNAs. The differentially
expressed lncRNAs were associated with biosynthesis, DNA/RNA related processes, inhibition of estrogen signaling
pathway, sterol biosynthetic process, protein dimerization activity, vesicular fraction in DENV1 infection group; and with
protein secretion, methyltransferase process, host cell cytoskeleton reorganization and the small GTPase Ras superfamily,
inhibition of cell proliferation, induction of apoptosis in DENV2 infection. LncRNAs might be novel diagnostic markers and
targets for further researches on dengue infection and liver injury resulted by dengue virus.

INTRODUCTION

Dengue is one of the most infectious human viral diseases

transmitted by Aedes mosquitoes. It is caused by dengue vi-

rus (DENV), a single stranded RNA virus belonging to the

Flaviviridae family, which has four antigenically distinct sero-

types (DENV1–4).1 DENV infection in humans causes a broad

spectrum of illnesses including asymptomatic infection, un-

differentiated fever (dengue fever [DF]), and dengue hemor-

rhagic fever (DHF) or dengue shock syndrome.2 It is estimated

that 390 million dengue infections occur annually, among

which nearly 100 million show manifestations at various se-

verity. Whereas the actual number of infection is three times

more than the dengue burden estimated by the World Health

Organization.3

Liver cells are a prime target for DENV infection, which has

been confirmed in the biopsies or autopsies of some cases.4–6

DENV infection causes an intense immune activation, leading

todirect or indirect liver damageor hepatitis. Elevated levels of

serum transaminases were found in dengue patients and be-

ing correlatedwith hemorrhagic symptoms.7–9 The proportion

of serum aspartate aminotransferase (AST) elevation was

approximately 80% in DHF patients and 75% in DF patients,

whereas the proportion of serum alanine aminotransferase

(ALT) elevation was approximately 54% in DHF patients and

52% in DF patients.10 The pathogenesis of liver injury in

dengue patients is believed to be direct pathological damage

caused by virus infection or an indirect immune pathological

injury resulting from immune responses.7 An eventual out-

come of hepatocyte infection by DENV is cellular apoptosis.11

However, the exact mechanism through which the host im-

munity damages the liver is still unknown.

Long noncoding RNAs (lncRNAs) are transcripts longer

than 200 nt, which have been gradually recognized to exert a

crucial role in the regulation of gene expression. Recently,

researchers have started to explore the implications of

lncRNAs alteration in hepatic pathophysiology.12,13 Several

studies have reported that lncRNAsexpression in the livermay

contribute to liver pathology or is associatedwith specific liver

diseases.14–16 The lncRNAs have been increasingly recog-

nized to function in many biological processes or the patho-

genesis through diverse mechanisms. LncRNA provides us a

new resource to identify disease-associated biomarkers or

molecular targets for therapy, as well as for DENV infection.

In this research, we aimed to identify the expression profiles

of lncRNAs for L-02 cells infected with DENV1 and DENV2,

which were the predominant serotypes in local populations in

mainland China, and to explore their potential functions on

gene transcription regulation and signaling transduction rel-

evant to liver damage.17,18

MATERIALS AND METHODS

Cell culture, virus harvesting, and titer detection. C6/36

insect cells (bought from ATCC) were grown in RPMI medium

1640 (RPMI-1640) (Life Technologies, Camarillo, CA) con-

taining 10% fetal bovine serum (FBS), 1% Penicillin (200

U/mL), and Streptomycin (100 μg/mL) at 28�C. L-02 cells

(bought from ATCC, a normal liver cell line keeping the

morphological and genetic characteristics of normal liver

cells) were cultured with RPMI-1640 medium containing

10% FBS, 1% Penicillin (200 U/mL), and Streptomycin

(100 μg/mL) in a 37�C incubator with 5% CO2.

The viruses used in this study, DENV1 (strain Hawaii) and

DENV2 (strain NewGuinea C) were sustained with C6/36 cells

in RPMI-1640 medium containing 2% FBS; the medium

containing the virus particles was harvested 5 days after
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infection, cell debris was precipitated by 800 rpm centrifuga-

tion, and aliquots of the supernatant were stored at −80�C.

The titers of the harvested dengue virus particles were de-

termined with the method reported by Ramakrishnan.19 The

viral titer was evaluated as the tissue culture infective dose

(TCID50) per milliliter, and then, the TCID50 was converted to

plaque forming units by multiplying by 0.7.20

The confirmation of DENV infection. L-02 cells were

seeded into the wells containing coverslips in a 12-well plate

and cultured for 24 hours. The cells in each well were infected

withDENV1orDENV2stockat amulplicity of infection (MOI) of

0.1, 0.5, and 1.0, respectively. At the time of 24, 48, and

72 hours after infection, the cells were fixed in 4% para-

formaldehyde for 20 minutes at room temperature, then per-

meablized with 0.5% TritonX-100/PBS for 20 minutes and

blocked with 10% FBS/PBS for 1 hour. The cells were then

incubated for 2 hours with the primary rat monoclonal anti-

body specific to the nonstructural glycoprotein-1 (NS1) of

DENV1 or DENV2 (Santa Cruz Biotechnology Inc., Dallas, TX)

in 1:200 dilution. After washed with PBS for three times and 5

minutes for each with gentle shaking, the cells were in-

cubated for 1 hour with a red fluorescence–labeled sec-

ondary goat anti-rat antibody (Santa) in 1:500 dilution. The

cells were then washed with PBS as mentioned previously.

The coverslips were taken out of the wells and rinsed with

ddH2O, air-dried, and mounted with the mounting oil con-

taining 49,6-diamidino-2-phenylindole to stain the nuclei.

The virus particles stained with red fluorescence in the cells

were visualized under a fluorescence microscope.

The optimization of infection condition. The method re-

ported by Pattanakitsakul et al.21 was followed for in-

vestigation of the optimal infection condition which resulted in

the most significant pathogenesis, including MOI, infection

time, andpostinfection duration. InDENV1orDENV2 infection

simulation in vitro, the 100%confluentmonolayer of L-02 cells

ineachwell of the6-well plate, containingapproximately1×106

cells, was infectedwith DENV1 or DENV2 for 2 hours at 37�C at

an MOI of 0.1, 0.5, and 1.0, respectively. The viruses for in-

fectionat variousMOIwerediluted to afinal volumeof1mLwith

completeRPMImedium.When the infectionfinished,cellswere

washed twice with phosphate-buffered saline (PBS) to remove

any unbounded virus particles; then, 2 mL maintenance me-

diumwas added to eachwell, and cells were incubated at 37�C

for 24, 48, and 72 hours. The supernatant was collected at each

time point and kept for AST and ALT detection. The AST and

ALT levels of the cell culture medium from each well with dif-

ferent infection conditions were detected using the enzyme-

linked immunosorbent assay (ELISA) kit (MLBIO, Shanghai,

China, ml027133). The infection conditionwith the highest AST

and ALT titer was selected as the optimized condition.
RNAsequencinganddifferentialexpression identification.

In accordance with the optimized infection condition, the

L-02 cells of the control, DENV1 infection, and DENV2 in-

fection were prepared in triplicate and harvested separately.

The samples were delivered to the Beijing Genomics Institute

(BGI) for RNA sequencing. The three replicates of each group

were sequenced separately and themean reads of lncRNAand

mRNA were used as the final reads. RNA was extracted with

Trizol reagent (15596-026; Invitrogen, Carlsbad, CA) from each

sample. A RNA-sequencing quantification library was con-

structed by the BGI. Paired-end sequencingwas performed on

the Illumina HiSeq 2500 platform.

The alignment of the sequences was performed on the

human genome version UCSC hg19 and lncRNAs version

NONCODEV3.0, and the calculationwas performed based on

FPKM (Fragments per kilobase of exon model per million

mapped fragments). Bioinformatics processing of raw data

was performed by the BGI. The differential expression level of

the specific lncRNAs or mRNAs were analyzed with Cuffdiff

software, using the reads of DENV1 infection, and DENV2

infection divided by the reads of the control group, with a

cutoff value of log2 (ratio) (ratio = DENV1/control, DENV2/

control). If the log2 (ratio) ³ 1.5, the expression was defined as

upregulation; otherwise, if the log2 (ratio) £ −1.5, the expres-

sion was defined as downregulation.22,23

Annotation and prediction for the potential target genes

of the lncRNAs. The transcripts alignment software TopHat2

was used to map the differentially expressed lncRNAs to the

reference genome.24 Then, Bowtie software was used to

break the reads of those not mapped and mapping was re-

peated.25By doing this, the mapped location of the lncRNA in

the upstream (promoter region) or downstream (39 untran-

scribed region) of a gene, which was defined as a potential

target gene, could be inferred. If the lncRNA was mapped in

the upstream or downstream of a gene, it may have a chance

to overlap with a cis-regulation element probably involved in

transcriptional regulation. The function information of the

target genes was searched in PubMed database.

Pre-miRNA prediction for the differentially expressed

lncRNAs in the different treatment groups.Mature miRNAs

recognize the target mRNA through imperfect base pairing

and most commonly result in translational inhibition or de-

stabilization of the target mRNA.26,27 A lncRNA may be the

precursor of a miRNA and have a unique function.28,29

Therefore, the lncRNAs were aligned with the miRNAs in the

miRBase to identify the potential pre-miRNA. The function of

pre-miRNA was searched in HMDD v2.0: the HumanmicroRNA

Disease Database version 2.0 (http://www.cuilab.cn/hmdd).

Verificationof the differential expressionof the lncRNAs

with RT-qPCR. The total RNAs were extracted with a Trizol

reagent (15596-026; Invitrogen) from the L-02 cells of the

DENV1 infection, DENV2 infection, and control. Transcription

in each samplewas conducted using theGoscriptTMReverse

Transcription System (A5000; Promega, Beijing, China). The

polymerase chain reaction (PCR) primers of the differentially

expressed lncRNAs were designed with DNAstar. A total of

1 μg of cDNA in a final volume of 50 μL was used for amplifi-

cation with SYBR Green RT-qPCR Master Mix-SYBR Advan-

tage (639676; Clontech, Mountain View, CA) on the ABI 7500

Real-TimePCRsystem (AppliedBiosystems, Foster City, CA).

The lncRNAs expression levels were evaluated by ΔCt

(threshold cycle difference, ΔCt = mean Ct value of

lncRNA−mean Ct value of reference β-actin mRNA). The rel-

ative expression of the lncRNAswas evaluated by the value of

2−ΔCt.30 The detection of the lncRNAs’ expression was re-

peated for three times, and the relative expression difference

between the treatment group and the control group was an-

alyzed with one-way analysis of variance (ANOVA) method by

using SPSS19.0. A statistically significant difference was set

at P £ 0.05.

Analysis of the lncRNA-mRNA co-expression network.

The differentially expressed lncRNAs and mRNAs in the

comparative groups were extracted to form a union dataset.

Pearson’s correlation coefficients were calculated using R
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software (Wolfgang Viechtbauer, 2015), and the threshold

value of the correlation coefficient was set at “³ 0.80”; the

positive correlation coefficient represented a positive corre-

lation, and the negative correlation coefficient represented a

negative correlation. Then, the lncRNA-mRNA co-expression

network was built and exported based on the correlation be-

tween the differentially expressed lncRNAs andmRNAs using

Cytoscape software (the Cytoscape Consortium, San Diego,

CA). Kyoto Encyclopedia of Genes and Genomes (KEGG) and

geneontology (GO) enrichment for the differentially expressed

mRNAs, which interacting with lncRNAs, in co-expression

networks were performed using DAVID database (http://

david.abcc.ncifcrf.gov/).31

RESULTS

Theoptimization of infection condition bydetectingAST

andALT levelswith ELISA.DENV1 andDENV2 infection was

confirmed by using immunofluorescence microscopy, which

was shown in Supplemental File 1. The highest titer of AST or

ALT was both detected in the cell culture medium of L-02

infectedwithDENV1orDENV2 for 2 hours at anMOI of 0.5 and

with 48 hours postinfection duration. The results were shown

in Figure 1.

The profiles of differentially expressed lncRNAs

and mRNAs. In this research, the differentially expressed

lncRNAs were selected using Cuffdiff software. Compared

with the control group, 107 differentially expressed lncRNAs,

including 74 upregulated and 33 downregulated, were found

in the DENV1 infection group; 36 differentially expressed

lncRNAs, including 15 upregulated and 21 downregulated,

were found in the DENV2 infection group. As for mRNAs,

compared with the control, 79 differentially expressed

mRNAs, including 39 upregulated and 40 downregulated,

were found in the DENV1 infection group; and 31 differentially

expressed mRNAs, including 15 upregulated and 16 down-

regulated, were found in the DENV2 infection group.

The target genes of differentially expressed lncRNAs. In

annotation for the differentially expressed lncRNAs, its com-

plementary sequence on a gene was analyzed. If the com-

plementary sequencewas in the upstreamor downstreamof a

gene, it may have a chance to overlap with cis-regulation

elements and probably involves in transcriptional regulation.

The complementary position of the known differentially

expressed lncRNAs in the up or down stream of a potential

target gene was shown in Table 1, and the related information

of the novel lncRNAs was shown in Table 2. The function in-

formation of the target genes was searched in PubMed data-

base, and the results were summarized in Table 3. In DENV1

infection, compared with the control, functions of the pre-

dicted target genes were characterized by biosynthesis,

such as Gene 7167 (Gene ID) involved in glycolysis/

gluconeogenesis, Gene 2222 involved in mevalonate path-

way; and DNA/RNA related enzymes such as Gene 11044

encoding a DNA polymerase, Gene 246243 encoding an

endonuclease, and Gene 5488 encoding a methyltransfer-

ase. In DENV2 infection, compared with the control group,

the target gene prediction found Gene 8492 involved in

structural reorganizations associated with learning and

memory, and Gene 6371 involved in targeting of secretory

protein to the endoplasmic reticulum.

FIGURE 1. Detection of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) level in L-02 cells infected by DENV1 and DENV2.
The y axis represented the level (U/L) of AST or ALT. Each bar showed the value of the mean ± SD of different mulplicity of infections (MOIs) and
different timesafter infection.The level of ASTwashigher than that ofALTat all infectioncondition, and thehighest level of ASTandALTwas foundat
the MOI of 0.5 with 48 hours infection by DENV1 or DENV2. (A) The level of AST in L-02 cells infected by DENV1; (B) The level of AST in L-02 cells
infected by DENV2; (C) The level of ALT in L-02 cells infected byDENV1; (D) The level of ALT in L-02 cells infected by DENV2. DENV = dengue virus.

1906 WANG AND OTHERS

http://david
http://david
http://www.ajtmh.org/lookup/suppl/doi:10.4269/ajtmh.17-0307/-/DC1/SD1.pdf


Pre-miRNA prediction for the differentially expressed

lncRNAs. Based on the complementarity between lncRNAs

andpre-miRNA, the known lncRNAspredicted tobeapotential

miRNA precursor were shown in Table 4. The function of pre-

dicted pre-miRNAs in different infection group was shown as

follows:Hsa-mir-22 (miRNA ID) found inDENV1 infection group

could inhibit estrogen signaling by directly targeting at the es-

trogen receptor alpha mRNA; Hsa-mir-29b-2 found in DENV2

infection was a potential noninvasive biomarker in peripheral

blood mononuclear cells from patients with Alzheimer’s dis-

ease; downregulation of hsa-mir-29c, which was found in

DENV2 infection, would lead to derepression of its target DNA

(methyltransferase 3a) transcription, promote ischemic brain

damage, inhibit cell proliferation, and induce apoptosis in

hepatitis B virus-related hepatocellular carcinoma.

Verification of the differential expression of the lncRNAs

with RT-qPCR. To validate our results independently and

determine the role of lncRNAs in DENV infection, several dif-

ferentially expressed lncRNAs were selected for expression

detection with RT-qPCR. The PCR primers of β-actin (internal

control) and the lncRNAs were listed in Table 5. The relative

expression level (2−ΔCt) of each lncRNAs displayed in

Supplemental File 2 was shown in the histograms in Figure 2.

The differential expression of the lncRNAs in comparative

groups evaluated by the 2−ΔCt values in quantitative real-time

PCR was consistent with the RNA-seq relative expression

level evaluated by log2 (ratio). The expression of n372943 and

XLOC038199 in DENV1 infection group compared with the

control, n370000 and XLOC031703 in DENV2 infection group

compared with the control were upregulated; the expression

of n408292 and XLOC039796 in DENV1 infection group

compared with the control, n379481 and XLOC026695 in

DENV2 infection group compared with the control were

downregulated.

The co-expression network of lncRNA-mRNA. The co-

expression networks cited here were constructed based on

the differentially expressed lncRNAs and mRNAs in the

groups of DENV1, DENV2 infection comparedwith the control

group. A total of 68 interacting nodes (shownwith red or green

lines) were identified in the DENV1 group compared with the

control group; two significant nodes were found in n337067

interacting with 25 mRNAs, and n407694 interacting with

25 mRNAs (Figure 3, Supplemental File 3). Furthermore, two

same KEGG pathways were identified from themRNAs within

the two interacting nodes, respectively, including the path-

ways of terpenoid backbone biosynthesis (KEGG term:

hsa00900) and steroid biosynthesis (hsa00100). The GO en-

richment on the mRNAs within these two nodes showed the

sterol biosynthetic process (GO term: 0016126) in biological

process, protein dimerization activity (GO term: 0046983) in

molecular function, and vesicular fraction (GO term: 0042598)

in cellular component.

TABLE 1

Thedifferentially expressedknown longnoncodingRNAs (lncRNAs) in
the up or down stream of a target gene

lncRNA id Gene id Up or down stream Group Regulation

n372943 7167 downstream_2k DENV1 Up
n338527 115708 upstream_2k DENV1 Up
n372894 7167 downstream_2k DENV1 Up
n370000 55904 upstream_2k DENV1 Up
n385519 253650 downstream_2k DENV1 Up
n379481 8492 downstream_2k DENV2 Down
n370000 55904 upstream_2k DENV2 Up

DENV = dengue virus.

TABLE 2

The differentially expressed novel long noncoding RNAs (lncRNAs) in
the up or down stream of a target gene

lncRNA id Gene id Up or down stream Group Regulation

XLOC038199 100316904 downstream_2k DENV1 Up
XLOC032293 11044 downstream_2k DENV1 Up
XLOC037587 728194 downstream_2k DENV1 Up
XLOC008742 2900 upstream_2k DENV1 Up
XLOC023418 246243 upstream_2k DENV1 Up
XLOC033626 54888 upstream_2k DENV1 Up
XLOC019652 2015 downstream_2k DENV1 Up
XLOC043236 25920 upstream_2k DENV1 Up
XLOC023862 112942 upstream_2k DENV1 Up
XLOC034320 3308 upstream_2k DENV1 Up
XLOC035124 10473 upstream_2k DENV1 Up
XLOC039796 2222 upstream_2k DENV1 Down
XLOC031703 6731 upstream_2k DENV2 Up
XLOC041701 10927 upstream_2k DENV2 Down

DENV = dengue virus.

TABLE 3

Annotation for target genes of differentially expressed long noncoding
RNAs (lncRNAs) from each infection group compared with the
control

Gene id Annotation Group

2222 Encodes a membrane-associated enzyme
located at a branch point in themevalonate
pathway

DENV1

7167 Impacts on glycolysis and gluconeogenesis DENV1
11044 Encodes a DNA polymerase that is likely

involved in DNA repair
DENV1

2900 Encodes a protein that belongs to the
glutamate-gated ionic channel family

DENV1

246243 Encodes an endonuclease that specifically
degrades the RNA of RNA-DNA hybrids

DENV1

54888 Encodes a methyltransferase that catalyzes
the methylation of cytosine to
5-methylcytosine

DENV1

2015 Encodes a protein that has a domain
resembling seven transmembrane G
protein-coupled hormone receptors

DENV1

10473 Encodes a member of the HMGN protein
family to reduce the compactness of the
chromatin fiber

DENV1

55904 Inhibits cell cycle progression DENV2
8492 May be involved in structural reorganizations

associated with learning and memory
DENV2

6731 Encodes a ribonucleoprotein complex that
mediates the target of secretory protein to
the endoplasmic reticulum

DENV2

DENV = dengue virus.

TABLE 4

The pre-miRNA prediction for differentially expressed long noncoding
RNAs (lncRNAs) from each infection group compared with the
control

lncRNA id miRNA id Length Q value Regulation Group

n345423 hsa-mir-29b-2 81 2.0E-41 Down DENV2
n345423 hsa-mir-29c 88 1.0E-45 Down DENV2
n408292 hsa-mir-22 85 8.0E-44 Down DENV1
XLOC011870 hsa-mir-1268a 52 8.0E-15 Down DENV1
XLOC026695 hsa-mir-3648 180 1.0E-100 Down DENV2

DENV = dengue virus.

NONCODING RNAS IN LIVER CELLS INFECTED BY DENGUE 1907

http://www.ajtmh.org/lookup/suppl/doi:10.4269/ajtmh.17-0307/-/DC1/SD1.pdf
http://www.ajtmh.org/lookup/suppl/doi:10.4269/ajtmh.17-0307/-/DC1/SD1.pdf


Fifty interacting nodes were found in the DENV2 group

compared with the control, in which two significant nodes

were found in the positive correlations of 25 lncRNAs (two

known lncRNAs and 23 novel lncRNAs) interacting with one

mRNA (Gene ID: 51655) of small GTPase Ras superfamily,

and 25 lncRNAs (five known lncRNAs and 20 novel

lncRNAs) interacting with one mRNA (Gene ID: 90120) of

chromosome 9 open reading frame 69. A significant node

was found in the negative correlations of 22 lncRNAs (three

known lncRNAs and 19 novel lncRNAs) interacting with one

mRNA (Gene ID: 8359) of the nucleosome structure of the

chromosomal fiber in eukaryotes (Figure 4, Supplemental

File 4).

DISCUSSION

Recently, lncRNAs have been identified to be specifically

expressed or function in the infection of HBV, influenza virus,

HIV, and enterovirus 71.32–35 There is evidence to show that

dynamic changes in chromatin, chromosomes, and nuclear

architecture are regulated by lncRNAs.36Recent studies have

shown that the expression levels of host lncRNAsare changed

in response to virus infection.37,38

Clinical features have suggested that the liver is the most

common organ to be involved in DENV infection.39 Hepatic

injury results from either direct viral damage or a dysregulated

immune-pathological reaction in response toDENV infection.40

The level of transaminases released from the liver cells may

represent the extent of liver injury.

The differential expression of lncRNAs was observed in

rhabdomyosarcoma cells in response to enterovirus 71 in-

fection.35 LncRNAs function as a key regulator of negative

regulation in the antiviral response and inflammatory

response.41,42 Host lncRNAs are involved in the replication of

HIV-1,38 regulating host innate immune response.34 In turn,

viral source antisense lncRNAs are involved in modulating

virus gene expression and lead to an alteration in the epige-

netic landscape at the viral promoter or can promote viral

replication and suppress antiviral immunity to allow its escape

from cytosolic surveillance.43,44 This study showed that some

lncRNAs expression was specifically upregulated or down-

regulated in L-02 cells infected by dengue virus.

Based on their distribution and sequence similarity, the

lncRNAs may serve as precursors of the miRNAs and func-

tion to regulate endogenous expression of the miRNAs.28

Because mature miRNA is related to the RNA-induced

translation repression or gene silencing, the finding of

these lncRNAs potentially to be precursors of the miRNAs

and the identification of their targets may help to understand

the lncRNA’s function in transcription regulation. The in-

teraction between lncRNAs and miRNAs will provide new

insight and perspectives in this research field.12 The func-

tions of the predicted pre-miRNAs found in different treat-

ment groups were distinguished for inhibiting estrogen

TABLE 5

The primers sequences of differentially expressed long noncoding RNAs (lncRNAs)

lncRNA id Forward (59-39) Reverse (59-39)

β-actin TTCACCACCACAGCCGAAAG AACGCTCATTGCCGATGGTG- 3
n372943 GCGGAATGGCAAGGAATCAG CACCACCCAGCAAGTTTCCAAG
n408292 AGGTTGACGTGGCAGAGAAG TCGCTTTGGCTTCGGCTTTAG
n370000 GTGCAGCTGTTGGAGTCTGG CCTTCACGGAGTCTGCGTAG
n379481 TTTGGTTTCCTGCTCTCCTGTC GTCTCACCAGGGTACCTACAAAG
XLOC038199 TGGCTGAGCCATCCTGAAAG GACCACTCTTCCCTCCTCTC
XLOC039796 ATGCTTTCTGCCAGCCAGAG AGTTGGACACTGGGTACTGTAG
XLOC031703 AGTGCGGGAAGACATTCTGG TCCAGCTTATTGCCGACTGC
XLOC026695 ACAATGATTTACTTCATTTGCTCAATC AAACTGCCCTCATGCACACC

FIGURE 2. Verification of the differential expression of the long noncoding RNAs (lncRNAs) with reverse transcription quantitative real-time
polymerasechain reaction (RT-qPCR). Theyaxis represented the relativeexpression level (2−ΔCt) of each lncRNAs. Thedarkbar showed thevalueof
the infection group and the gray bar showed the value of the control group. The relative expression level (2−ΔCt) of each lncRNAs displayed in
histograms was expressed as the mean ± SD *statistically significant difference (P £ 0.05). (A) DENV1 infection group compared with the control
group, the relative expression of n372943 and XLOC038199 was significantly upregulated, and which of n408292 and XLOC039796 was signifi-
cantly down-regulated. (B) DENV2 group compared with the control group, the relative expression of n370000 and XLOC031703 was significantly
upregulated, and which of n379481 and XLOC026695 was significantly downregulated. DENV = dengue virus.
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signaling in DENV1 infection, and methyltransferase pro-

cess, inhibition of cell proliferation, and induce of apoptosis

in DENV2 infection.

Four significantly regulated known lncRNAs found in the

DENV1 infection, and DENV2 infection groups compared with

the control groupwere verifiedwith RT-qPCR and showed the

same trend of regulation as the sequencing result: n372943

and n370000 were significantly upregulated; n408292 and

n379481 were significantly downregulated. Four significantly

regulated novel lncRNAs found in the DENV1 infection, and

FIGURE 3. The long noncoding RNA (lncRNA)-mRNA co-expression network in DENV1 infection group compared with the control. A pink circle
represented an mRNA, and a blue diamond represented an lncRNA; a red dashed line indicated a positive correlation, and a green dashed line
indicated a negative correlation. The lncRNA shown in the blue diamond potentially interacted with the mRNA in the pink circle connected by a
dashed line. A total of 68 interacting nodes (shownwith red or green lines) were identified in theDENV1group comparedwith the control group. Two
significant nodes were found in n337067 interacting with 25 mRNAs, and n407694 interacting with 25 mRNAs (Supplemental File 3). Two same
kyoto encyclopedia of genes and genomes (KEGG) pathways were identified from the mRNAs within the two interacting nodes, respectively,
including the pathways of terpenoid backbone biosynthesis (KEGG term: hsa00900) and steroid biosynthesis (hsa00100). Gene ontology (GO)
enrichment on the mRNAs within these two nodes showed the sterol biosynthetic process (GO term: 0016126) in biological process, protein
dimerization activity (GO term: 0046983) in molecular function, and vesicular fraction (GO term: 0042598) in cellular component. DENV = dengue
virus. This figure appears in color at www.ajtmh.org.

FIGURE 4. The long noncoding RNA (lncRNA)-mRNA co-expression network in DENV2 infection group compared with the control. The in-
formation about the pink circles, blue diamonds, red dashed lines, and green dashed lines was the same as that in Figure 2 legend. Fifty interacting
nodes were found in the DENV2 group compared with the control, in which two significant nodes were found in the positive correlations of
25 lncRNAs (two known lncRNAs and 23 novel lncRNAs) interacting with one mRNA (Gene ID: 51655) of small GTPase Ras superfamily, and
25 lncRNAs (five known lncRNAs and 20 novel lncRNAs) interacting with one mRNA (Gene ID: 90120) of chromosome 9 open reading frame 69.
A significant node was found in the negative correlations of 22 lncRNAs (three known lncRNAs and 19 novel lncRNAs) interacting with one
mRNA (Gene ID: 8359) of the nucleosome structure of the chromosomal fiber in eukaryotes (Supplemental File 4). DENV = dengue virus. This figure
appears in color at www.ajtmh.org.
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DENV2 infection groups compared with the control group

were also verified with RT-qPCR and showed the same trend

as the sequencing result:XLOC038199 and XLOC031703

weresignificantly upregulated;XLOC039796andXLOC026695

were significantly downregulated. These findings were highly

consistent with our RNA-sequencing analysis for the differen-

tially expressed lncRNAs.

The co-expression network for the differentially expressed

lncRNAs and mRNAs between the infection group (DENV1,

DENV2) and the control group represented a potential in-

teraction of the correlated lncRNAs and mRNAs. In DENV1

infection group compared with the control, two significant

nodes were found and two same KEGG pathways were

identified from the mRNAs within the two interacting nodes

respectively, including the pathways of terpenoid backbone

biosynthesis (KEGG term: hsa00900) and steroid biosynthesis

(KEGG term: hsa00100). The GO enrichment on the mRNAs

within these two nodes showed the sterol biosynthetic pro-

cess (GO term: 0016126) in biological process, protein di-

merization activity (GO term: 0046983) in molecular function,

and vesicular fraction (GO term: 0042598) in cellular compo-

nent. These findings implied a characteristic regulation of the

lncRNA on host cell biosynthesis in DENV1 infection. In

DENV2 infection group, compared with the control, two

significant nodes were found in the positive correlations in-

cluding 25 lncRNAs interacting with a mRNA of small GTPase

Ras superfamily. One significant node was found in the neg-

ative correlations composed of 22 lncRNAs interacting with

the mRNA (Gene ID: 8359) of the nucleosome structure of the

chromosomal fiber in eukaryotes. These findings implied a

characteristic regulation of the lncRNA on the host cell cyto-

skeleton reorganization in DENV2 infection.

These findings about the lncRNAs and the correlation with

mRNAs expression may provide basic mechanistic in-

formation and possible biomarkers for the L-02 hepatic

cells infected by dengue virus. The differentially expressed

lncRNAs may be regulation products produced by virus in-

vasion, host cell antiviral immunity, and apoptosis, and could

be used as novel disease biomarkers or potential targets for

therapy.

CONCLUSION

The differentially expressed lncRNAs were comprehen-

sively analyzed by taking advantages of the L-02 cells model

for DENV1 and DENV2 infection, RNA sequencing, and the

integratedanalyses including targetgeneprediction,pre-miRNA

prediction, and co-expression network of lncRNA-mRNA. The

FIGURE 5. Biological function of differentially expressed lncRNA in L-02 cells infected by dengue virus (DENV). This figure appears in color at
www.ajtmh.org.
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predicted functions of the differentially expressed lncRNAs

dominated in biosynthesis, DNA/RNA related processes, es-

trogen signaling, sterol biosynthetic process, protein di-

merization activity, vesicular fraction in DENV1 infected L-02

cells; while in DENV2 infection group, they are dominant in

protein secretion,methyltransferase process, regulation onhost

cell cytoskeleton reorganization, small GTPase Ras family, in-

hibition of cell proliferation, and induction of apoptosis (details

were shown in Figure 5). LncRNAswill provide new insights and

perspectives for further researcheson themechanismofdengue

infection and liver injury resulted by dengue virus.
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