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Abstract
Japanese encephalitis virus (JEV) exerts a profound burden of viral encephalitis. We have investigated the differentially 
expressed transcripts in the neuronal transcriptome during JEV infection by RNA sequencing (RNA-Seq) of virus-infected 
SH-SY5Y human neuroblastoma cells. Gene ontology analysis revealed significant enrichment from two main pathways: 
endoplasmic reticulum (ER)-nucleus signaling (P value: 5.75E−18; false discovery rate [FDR] 3.11E−15) and the ER 
unfolded protein response (P value: 7.58E−18; FDR 3.11E−15). qPCR validation showed significant upregulation and dif-
ferential expression (P < 0.01) of ER stress-signaling transcripts (SESN2, TRIB3, DDIT3, DDIT4, XBP1, and ATF4) at 24 h 
post-infection for both low (LN) and high (HN) neurovirulence JEV strains. Immunoblot analysis following JEV infection 
of SH-SY5Y cells showed an increase in levels of SESN2 protein following JEV infection. Similarly, Zika virus (MR766) 
infection of SH-SY5Y showed a titer-dependent increase in ER stress-signaling transcripts; however, this was absent or 
diminished for DDIT4 and ATF4, respectively, suggestive of differences in the induction of stress-response transcripts 
between flaviviruses. Interestingly, SLC7A11 and SLC3A2 mRNA were also both deregulated in JEV-infected SH-SY5Y 
cells and encode the two constituent subunits of the plasma membrane xCT amino acid antiporter that relieves oxidative 
stress by export of glutamate and import of cystine. Infection of SH-SY5Y and HEK293T cells by the JEV HN strain Sw/
Mie/40/2004 lead to significant upregulation of the SLC7A11 mRNA to levels comparable to DDIT3. Our findings suggest 
upregulation of antioxidants including SESN2 and, also, the xCT antiporter occurs to counteract the oxidative stress elicited 
by JEV infection.
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Introduction

Japanese encephalitis virus (JEV) is a pathogenic, mosquito-
borne flavivirus with mortality of 30% and debilitating 
neurological symptoms in up to 50% of convalescent cases 
[1–4]. Although there are effective vaccines, JEV remains 
the principal pathogen associated with Asian cases of viral 
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encephalitis, with approximately 67 900 cases per annum in 
24 countries with endemic disease [5]. The highest age‐spe-
cific infection rates occur in younger age groups, where the 
disease is also more severe; 75% (ca. 51 000) of JEV cases 
occur in children 0–14 years old [5].

The innate immune response to viral infection is essen-
tial to limit viral replication of pathogens and to affect their 
elimination from host tissues. Based on findings of the 
mechanism of JEV neuropathogenesis in rhesus macaques, 
a model has been proposed for apoptosis of neurons and 
activation of glia and cytokine release as important steps in 
JEV-mediated neuronal death [6]. The macaque study cor-
roborates that neurons are the principal targets of JEV, as has 
also been previously indicated by post-mortem human stud-
ies, where neurons in the cortex and brainstem were positive 
for viral antigen [7–9]. A cDNA microarray analysis of JEV-
infected murine neuroblastoma cell lines identified signifi-
cantly altered mRNA expression, including genes involved 
in host antiviral responses and apoptotic cell death [10]. 
Traditionally, neurons were thought of as immunologically 
quiescent, which may explain the paucity of JEV infection 
studies in human neuronal cells; however, there is growing 
evidence for effective neuronal antiviral responses [11–15].

Sestrins (SESNs) are highly conserved proteins and have 
been implicated in cellular protective responses to envi-
ronmental stressors, including oxidative stress and DNA 
damage [16, 17]. SESNs serve to potentiate adenosine 
monophosphate-activated protein kinase (AMPK) and to 
inhibit signaling through the mechanistic target of rapamy-
cin complex 1 (mTORC1) [18] that acts to regulate cellular 
growth and metabolism and maintain cellular and organ-
ismal homeostasis [19]. mTORC1 activation induces the 
increase in reactive oxygen species (ROS) by a number of 
distinct biological pathways, comprising the induction of 
endoplasmic reticulum (ER) stress, elevated anabolic bio-
synthesis and the inhibition of autophagy [20, 21]. Sestrin 
2 (SESN2) is a leucine sensor and results in autophagy by 
activating AMPK and inhibiting mTORC1 in vitro when 
exposed to genotoxic stressors [22–24]. SESN2 depletion in 
murine culture leads to accumulation of ROS [16], whereas 
conversely, SESN2 overexpression is protective against a 
range of insults, such as, hypoxia, glucose deprivation or 
exposure to hydrogen peroxide [25], consistent with an 
antioxidant function. The antioxidant activity of SESN2 
is attributed to cysteine sulfinic acid reductase activity, 
required to activate peroxiredoxins  [16]. SESN2 has been 
shown to inhibit chronic activation of the NLRP3 inflam-
masome by clearance of injured mitochondria by inducing 
mitophagy of macrophages [26]. SESN2 knockout mice 
displayed defects in mitophagy leading to inflammasome 
hyperactivation and decreased survival rates in murine mod-
els of sepsis [26].

In the present study, we have employed RNA sequencing 
(RNA-Seq) [27] to generate a detailed transcriptomic analy-
sis of the deregulated neuronal transcripts upon JEV infec-
tion. Following infection of SH-SY5Y human neuroblastoma 
cells with a high neurovirulence JEV strain, we identified 
significant upregulation of ER stress-signaling transcripts 
(SESN2, TRIB3, DDIT3, DDIT4, XBP1, and ATF4) and, 
also, of both the SLC7A11 and SLC3A2 mRNAs which 
encode the two constituent subunits of the xCT (system xc

−) 
amino acid antiporter. These findings demonstrate that JEV 
neuronal infection in vitro leads to increased expression of 
antioxidant transcripts which may have implications for 
studies of flavivirus neuropathogenesis.

Materials and methods

Cell culture

Cells were cultured under 5% CO2  at 37  °C in growth 
medium: the human SH-SY5Y neuroblastoma cell line 
(94030304, ECACC, HPA, UK) was propagated in Dul-
becco’s modified Eagle’s medium (DMEM) F12 (D8062, 
Sigma) with 10% fetal calf serum (FCS); the human embry-
onic kidney cell line HEK293T (632180, Takara Bio, 
Shiga, Japan) was cultured in DMEM high glucose medium 
(D6429, Sigma) with 10% FCS; Vero cells were propagated 
in DMEM supplemented with 10% FCS.

Antibodies

Anti-SESN2 rabbit monoclonal (ab178518, Abcam) diluted 
1:1000; anti-TRIB3 (B-2) diluted 1:1000 (sc-390242, Santa 
Cruz); anti-JEV NS3 rabbit polyclonal diluted 1:3000 
(GTX125868, GeneTex); anti-JEV NS5 rabbit polyclonal 
diluted 1:20000 (GTX131359, GeneTex). β-actin was 
employed as a loading control and the direct anti-β-actin 
antibody conjugated to horseradish peroxidase (PM053-7, 
MBL) diluted 1:2000. All antibodies were diluted in Tris-
buffered saline with 0.1% Tween 20 (TBST) buffer including 
5% skimmed milk.

Plaque assays

Vero cells were plated in 6-well plates to produce conflu-
ent cell monolayers the following day and then infected by 
incubation with tenfold serial dilutions of C6/36-amplified 
JEV strains Sw/Mie/41/2002 and Sw/Mie/40/2004 [28] for 
1 h with shaking at 37 °C and then overlaid with Eagle’s 
medium containing 1% methylcellulose. When plaques 
became visible then cells were fixed with 10% buffered for-
malin then stained with 1% crystal violet before removal 
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of the overlay medium. Viral titers were calculated and 
expressed as plaque forming units (PFU)/ml.

RNA sequencing and analysis

Total RNA was extracted from SH-SY5Y cells grown in 
6-well plates following mock infection or infection with a 
JEV HN strain (Sw/Mie/40/2004) 24 h post-infection (hpi) 
with a multiplicity of infection (MOI) of 25 with four bio-
logical replicates for each experimental condition employ-
ing TRIzol (Life Technologies), the Direct-zol RNA kit 
(Zymo Research) and DNaseI treatment (Thermo Fisher), 
according to the manufacturer’s instructions. A total of 5 µg 
of total RNA was subjected to ribosomal RNA (rRNA) 
depletion using the Ribo-Zero Gold rRNA Removal Kit 
(Illumina). Post-depletion RNA quantity and quality was 
evaluated using the Agilent 2100 Bioanalyzer instrument 
with the Agilent RNA 6000 Pico Kit (Agilent Technolo-
gies). Library construction was performed employing the 
TruSeq Stranded Total RNA Library kit (Illumina), omitting 
the first poly(A) + RNA selection step by oligo(dT) beads, 
as rRNA-depleted RNA was employed, and then proceed-
ing according to the manufacturer’s protocol without further 
modifications. Library profiles were examined employing 
the DNA High Sensitivity LabChip kit on an Agilent Bio-
analyzer. Libraries were sequenced on the NovaSeq 6000 
platform (Illumina) with 150 base-length read chemistry in 
a paired-end mode. The raw data of sequence reads from this 
study have been submitted to the Sequence Read Archive 
(SRA) database (https​://www.ncbi.nlm.nih.gov/sra) under 
accession number DRA007709. Kallisto v.0.44.0 (https​://
pacht​erlab​.githu​b.io/kalli​sto/about​) was used to quantify 
abundance of transcripts in the replicates [29] with version 
GRCh38.p12/CDNA of the human reference genome. Sub-
read v.3.8 (https​://bioco​nduct​or.org/packa​ges/relea​se/bioc/
html/Rsubr​ead.html) [30] was used to align reads to genes 
in the human reference genome. EdgeR [31] and DESeq 2 
[32] were used to perform the transcript expression analysis 
with the following thresholds to filter the results of deregu-
lated transcripts with a false discovery rate (FDR) < 0.05 in 
EdgeR, and adjusted P value (padj) < 0.05 in DESeq 2.

Relative quantification by qPCR of neuronal 
transcripts in virus‑infected cells

Two-step real-time PCR (qPCR) relative quantification nor-
malized to endogenous controls was employed to determine 
mRNA levels for validation of differentially expressed genes 
(DEGs) identified by RNA-Seq. cDNA was generated from 
total RNA samples using the SuperScript VILO cDNA syn-
thesis kit (Thermo Fisher) and incubated at 25 °C for 10 min, 
50 °C for 50 min and 85 °C for 5 min. qPCR for SYBR green 
relative quantification of the ER stress-signaling transcripts 

(SESN2, TRIB3, DDIT3, DDIT4, XBP1, and ATF4) were 
prepared using the SYBR Premix Ex Taq II (Tli RNaseH 
Plus), ROX plus (Takara) normalized to the endogenous U6 
transcript. qPCR was performed on the StepOnePlus Real-
Time PCR System (Applied Biosystems) with the follow-
ing thermocycling conditions: 95 °C for 30 s; followed by 
40 cycles at 95 °C for 5 s and 60 °C for 30 s and a melt 
curve analysis of 95 °C for 15 s, 60 °C for 1 min and 95 °C 
for 15 s. The relative mRNA transcript levels were meas-
ured from four biological replicates. The oligonucleotide 
primer pairs for each gene target are included in the Supple-
mentary Table. For relative quantification of SLC7A11 and 
DDIT3, inventoried TaqMan assays (Applied Biosystems) 
for SLC7A11 (Cat. # 4331182), DDIT3 (Cat. # 4331182) 
and GAPDH (Cat. # 4448489) were used. Real-time PCR for 
TaqMan relative quantification were prepared with the Thun-
derbird probe qPCR mix (Toyobo). qPCR was performed on 
the StepOnePlus Real-Time PCR System (Applied Biosys-
tem) with the following thermocycling conditions: 95 °C 
for 1 min; followed by 40 cycles at 95 °C for 15 s and 60 °C 
for 1 min. Relative expression levels were calculated by the 
comparative cycle threshold (CT) method and represented 
as relative quantification (RQ). The CT values for the tar-
get gene were normalized to the CT for endogenous con-
trols in the same sample. RQ is defined as 2−△△C

T
 , where 

ΔΔCT = ΔCT sample − ΔCT calibrator.

Immunofluorescence

The JEV-infected and control uninfected HEK293T cells 
were fixed 24 hpi in 4% paraformaldehyde for 20 min. Cells 
were permeabilized in phosphate-buffered saline (PBS) con-
taining 0.5% Triton-X-100 for 5 min then blocked for 30 min 
with Block Ace (Bio-Rad) prior to addition of rabbit anti-
JEV hyperimmune serum (1/2000 dilution) [33] for 1 h then 
were cells washed 4 times in TBST. The immune complexes 
were visualized by incubation with a goat anti-rabbit IgG 
Alexa Fluor 488‐conjugated secondary antibody (Invitro-
gen) and cell nuclei were counter‐stained with 4,6‐diami-
dino‐2‐phenylindole then finally washed 4 times in TBST. 
Fluorescent cells were visualized by confocal microscopy 
(Olympus IX73).

Immunoblotting

Cell monolayers were lysed in in lysis buffer [10 mM 
Tris–HCl (pH 7.5), 150 mM NaCl, 0.5 mM EDTA and 0.5% 
NP-40] for 10 min on ice then centrifuged at 20380×g for 
10 min. Proteins were separated by sodium dodecyl sulfate-
polyacrylamide electrophoresis (SDS-PAGE) and then 
transferred to polyvinylidene difluoride (PVDF) mem-
branes (Bio-Rad) at 15 V for 1 h using a Bio-Rad Trans-
blot instrument. The membrane was then blocked in TBST 

https://www.ncbi.nlm.nih.gov/sra
https://pachterlab.github.io/kallisto/about
https://pachterlab.github.io/kallisto/about
https://bioconductor.org/packages/release/bioc/html/Rsubread.html
https://bioconductor.org/packages/release/bioc/html/Rsubread.html
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buffer [50 mM Tris–HCl (pH 7.5); 150 mM NaCl; 0.05% 
Tween-20] containing 5% skimmed milk for 1 h. Membranes 
were then incubated with primary antibody for 1 h at room 
temperature, then washed three times with TBST. Secondary 
antibody incubation was with goat anti-rabbit or goat anti-
mouse IgG-horseradish peroxidase (HRP) dependent on the 
primary antibody, each at 1:6000 dilution in TBST buffer. 
After washing three times with TBST buffer, the membrane 
was developed with enhanced chemiluminescence (ECL) 
substrate (Thermo Fisher) and the signal was detected by a 
BIO-RAD Fluorescent Imager.

Statistical analysis

Statistical analysis was performed by calculating the P value 
with two tailed t tests. A confidence level of 95% (P  <  0.05) 
was considered statistically significant.

Results

RNA‑sequencing transcriptomics identifies 
deregulation of SESN2 in JEV‑infected SH‑SY5Y 
neuroblastoma cells

Paired-end read 150 bp cDNA libraries were constructed 
from rRNA-depleted total RNA from mock and JEV HN 
(Sw/Mie/40/2004)-infected SH-SY5Y neuroblastoma cells 
at 24 hpi. The infection rate of JEV strain Sw/Mie/40/2004 
in SH-SY5Y neuroblastoma cells at 24 hpi with increasing 
MOI (10, 25, 50, and 100) was assessed by immunofluo-
rescence (Supplementary Fig. 1). The signal derived from 
an anti-JEV antibody was comparable at MOIs > 25; there-
fore, we performed the RNA-Seq analysis on RNA derived 
from SH-SY5Y cells infected with a MOI of 25 at 24 hpi to 
examine the early transcriptomic response to viral infection. 
Sequencing was performed to high depth on an Illumina 
NovaSeq 6000 platform generating 110 gigabases of data 
and approximately 40 M reads for each of four biological 
replicates for the infected and uninfected samples at 24 hpi. 
To assess the degree of variability between the mock- and 
JEV-infected biological replicates prior to analysis, raw data 
variance was assessed by principal components analysis 
(PCA) and a t-distributed Stochastic Neighbour Embedding 
(t-SNE) plots of “Control” (mock-infected SH-SY5Y cells) 
versus “Infected” (JEV strain Sw/Mie/40/2004-infected) SH-
SY5Y neuroblastoma cells at 24 hpi was performed (Sup-
plementary Fig. 2) which showed clear separation among 
different treatments and less variation among biological 
replicates. As a quality control of the experimental setting, 
we compared the coefficient of variation (CV) among repli-
cates of the control and virus-infected cells (Supplementary 
Fig. 3). Analysis of normalized read counts per gene showed 

that 15,879 out of 20,512 genes (77.4%) have counts above 
zero in all the replicates and treatments. The CV for the 
control and infected replicates was < 0.5 in 94% and 96% of 
the genes, respectively. In addition, we assessed the biologi-
cal coefficient of variation (BCV) with edgeR with values 
confirming as the counts per million (CPM) increases the 
expected BCV decreased. Also, the low common dispersion 
provides a high degree of confidence in the power of the pre-
sent study to identify differentially expressed genes (DEGs).

To identify DEGs, we employed two separate statistical 
RNA-Seq analysis workflows, based on fragments per kilo-
base of transcript per million mapped reads (FPKM) values 
and read counts, employing two computational method-
ologies: edgeR and DEseq 2. By comparing the RNA-Seq 
results from mock and JEV HN (Sw/Mie/40/2004)-infected 
SH-SY5Y neuroblastoma cells, edgeR and DEseq 2 iden-
tified 299 and 352 DEGs, respectively, which have a P 
value < 0.05 after correction for multiple testing. We identi-
fied 201 DEGs in the intersection of both analyses, in which 
164 genes are upregulated and 37 genes are downregulated 
(Supplementary Fig. 4). Gene ontology (GO) term analysis 
of differentially expressed gene transcripts identified signifi-
cant enrichment of mRNAs derived from two main pathways 
following JEV infection: ER-nucleus signaling (P value 
5.75E−18; FDR 3.11E−15) and the ER unfolded protein 
response (UPR) (P value 7.58E−18; FDR 3.11E−15) con-
sistent with flavivirus replication within the ER (Table 1).

Heat maps of significantly up- and downregulated tran-
scripts between mock and JEV-infected SH-SY5Y cells at 
24 hpi are shown in Fig. 1a with four biological replicates 
for each experimental condition. We performed a gene set 
enrichment analysis to identify biological pathways that 
were significantly altered (P < 0.05). Several biological 
pathways related to protein processing in the ER, aminoa-
cyl tRNA biosynthesis, antigen processing and presenta-
tion, HTLV-1 infection, spliceosome processing, estrogen 
signaling and prion diseases were found to be significantly 
upregulated in JEV-infected SH-SY5Y neuroblastoma cells 
(Fig. 1b). The most significantly affected pathway was pro-
tein processing in the ER in agreement with the GO term 
analysis. Figure 1c shows in red the significantly upregu-
lated transcripts during ER protein processing which can 
be sub-divided into: (A) Proteins involved in recognition 
by ER luminal molecular chaperones involved in protein 
folding, such as HYOU1, HSPA5, HSP90B1, and DNAJC3 
[34]; (B) Proteins associated with ER-associated degrada-
tion (ERAD): EDEM1 (ER degradation-enhancing alpha-
mannosidase-like protein 1) which targets misfolded glyco-
proteins [35], ERP29 (ER resident protein 29) which plays 
a critical role in the processing and folding of secretory pro-
teins within the ER [36], SSR2 (signal sequence receptor 
subunit beta) which binds calcium to the ER membrane and 
regulates retention of ER resident proteins and is required 
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for WNV pathogenicity [37], HSPA1A (heat shock 70 kDa 
protein 1A) whose overexpression has been associated with 
the amelioration of neurological disease [38] and HERPUD 
(homocysteine-responsive endoplasmic reticulum-resident 
ubiquitin-like domain member) which is involved in the 
unfolded protein response (UPR) and ERAD and, interest-
ingly, has been found upregulated in the substantia nigra 
of Parkinson’s disease (PD) patients [39]; and, finally, (C) 
Activation of UPR sensors. In higher eukaryotes, the UPR 
relies on three UPR sensors on the ER membrane which 
trigger signaling cascades: ERN1, EIF2AK3 (also known 
as PERK), and ATF6 (activating transcription factor-6α) 
[40]. In the JEV neuronal transcriptome, both the EIF2AK3 
and ERN1 pathways appeared activated as we identified 
significantly upregulated ATF4 (activating transcription 
4) in the former and XBP1 (X-box binding protein) in the 
latter. ATF4 and XBP1 are upstream of the nuclear local-
ized DDIT3 (DNA damage inducible transcript 3) which 
plays a key role in cellular stress response and was the most 
significantly deregulated transcript between the mock and 
JEV-infected SH-SY5Y cells (Fig. 1a) in our analysis [41]. 
Taken together, these results indicate significant upregula-
tion of molecular chaperones to facilitate protein folding and 
an induction of the ERAD and ER stress-signaling between 
the ER and the nucleus during the ER UPR following JEV 
infection of neuroblastoma cells.

SESN2 and TRIB3 are significantly upregulated 24 h 
post‑infection in JEV and ZIKV‑infected SH‑SY5Y 
cells

In order to validate the ER stress-signaling transcripts deter-
mined by RNA-Seq to be significantly upregulated follow-
ing JEV infection of SH-SY5Y cells when compared with 
mock-infected control cells at 24 h, we performed relative 
quantification of the DEGs by qPCR. Consistent with the 
RNA-Seq and GO term analyses, the qPCR data showed 

significant differential expression (P < 0.01) of SESN2, 
TRIB3, DDIT3, DDIT4, XBP1, and ATF4 at 0 hpi for both 
the HN strain (Sw/Mie/40/2004) employed in the RNA-
Seq experiment and, also, the LN strain (Sw/Mie/41/2002) 
when compared to mock-infected cells at 24 h (Fig. 2a–f; 
[42]). At the earlier time point at 8 hpi, there was no sig-
nificant differences in the relative mRNA levels of the ER 
stress-signaling transcripts between either of the JEV LN or 
HN-infected SH-SY5Y cells and mock-infected controls at 
0 hpi. Immunoblot analysis of protein expression following 
JEV infection (at MOIs ≥ 10) of SH-SY5Y cells showed that 
there was an increase in levels of SESN2 protein at 24 hpi 
following JEV LN infection; however, there was no equiva-
lent increase following JEV HN infection (Fig. 3), despite 
comparable protein levels of the viral NS3 and NS5 antigens 
and the endogenous β-actin controls. The increase of TRIB3 
mRNA for both LN and HN JEV strains was not reflected in 
a corresponding increase in protein levels 24 hpi at any of 
the viral titers tested.

We next examined the corresponding ER stress-signal-
ing transcripts 24 hpi following SH-SY5Y infection by the 
related flavivirus Zika (ZIKV strain MR766) (Fig. 4a–f). 
Interestingly, while a clear titer-dependent increase in 
expression of DDIT3 and XBP1 was seen following ZIKV 
infection, however, this was absent for DDIT4 and ATF4. 
Notably, however, both SESN2 and TRIB3 were significantly 
deregulated at higher MOIs tested.

The xCT antiporter light chain subunit SLC7A11 
mRNA is deregulated in JEV‑infected SH‑SY5Y 
and HEK293 cells

SLC7A11 and SLC3A2 (the light and heavy chain subunits 
of xCT) were the fourth and sixth most significantly DEGs, 
respectively, on the heat map in Fig. 1a and encode the two 
constituent subunits of the plasma membrane xCT anti-
porter (also known as system xc

−), that exerts an antioxidant 

Table 1   Gene ontology 
(GO) term analysis of the 
deregulated pathways following 
JEV HN high neurovirulence 
(Sw/Mie/40/2004)-infected 
SH-SY5Y cells 24 hpi

FDR false discovery rate

Deregulated biological pathway Total Expected Hits P value FDR

Endoplasmic reticulum unfolded protein response 93 1.01 18 5.75E−18 3.11E−15
ER-nucleus signaling pathway 111 1.2 19 7.58E−18 3.11E−15
Homophilic cell adhesion 139 1.51 11 3.25E−07 8.89E−05
Positive regulation of hydrolase activity 497 5.39 18 7.42E−06 0.00152
Response to organic substance 2500 27.1 47 5.88E−05 0.00964
Neutral amino acid transport 23 0.25 4 1.00E−04 0.0137
Steroid biosynthetic process 183 1.99 9 0.000172 0.0202
Regulation of neuron apoptotic process 150 1.63 8 0.000229 0.0235
Positive regulation of transferase activity 510 5.53 15 0.000437 0.0398
ER to Golgi vesicle-mediated transport 62 0.673 5 0.000554 0.0423
Cellular response to stress 1620 17.6 32 0.000568 0.0423
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function by exporting the amino acid glutamate to the extra-
cellular milieu and imports the oxidized monomeric amino 
acid cystine [43]. Disruption of the xCT antiporter system 
enhances cell viability after glucose depletion, as glutamate 
conservation allows cells to maintain mitochondrial respira-
tion [44]. SLC7A11 is the light chain of the xCT antiporter 
system and is the specific subunit of system xc

−, whereas 
SLC3A2 (the heavy chain) is present in other amino acid 

transport systems. Therefore, we measured by qPCR the 
DEG SLC7A11 mRNA transcripts relative to the endog-
enous control GAPDH and this is shown compared to the 
most significantly deregulated transcript DDIT3 in Fig. 5. 
In agreement with the RNA-Seq data, SH-SY5Y infection 
by the JEV HN strain Sw/Mie/40/2004 leads to significant 
upregulation of the SLC7A11 mRNA to levels comparable to 
DDIT3 (Fig. 5a). In contrast, increasing titers of JEV lead to 

Fig. 1   JEV-infected neuronal transcriptome. a Heat map analysis 
of the JEV-infected neuronal transcriptome. The samples S17-S20 
represent four biological replicates derived from mock-infected SH-
SY5Y neuroblastoma cells and the samples S25-S28 represent four 
biological replicates derived from JEV high neurovirulence (Sw/
Mie/40/2004)-infected (MOI 25) SH-SY5Y cells 24 hpi. The upper 
and bottom heat maps show the up- and downregulated genes in the 
infected cells, respectively. b Pathways inferred as enriched by dereg-

ulated genes. The size of the circles is proportional to the number of 
genes identified to be significantly deregulated and the color reflects 
the significance of the number of deregulated genes. The vertical axis 
shows the pathways in descending order by the number of deregu-
lated genes and the horizontal axis represents the fold enrichment. 
c Pathway of protein processing in the endoplasmic reticulum with 
deregulated genes highlighted in color
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upregulation at 24 hpi in HEK293T cells; however, the rela-
tive levels were lower than detected in neuronal cells and, 
also, SLC7A11 upregulation appeared to precede increases 

of DDIT3 mRNA at lower MOIs (see MOI1 in Fig. 5b). 
Immunofluorescence indicated that HEK293T cells infected 
with higher MOIs of JEV had high numbers of fluorescent 

Fig. 2   Sestrin 2 and ER stress-signaling transcripts are significantly 
deregulated in JEV-infected neurons. The endoplasmic reticulum 
stress-signaling transcripts, SESN2, TRIB3, DDIT3, DDIT4, XBP1, 
and ATF4 (a–f), were examined by specific SYBR green qPCR assays 
following mock or JEV infection with low or high neurovirulence 
strains (MOI 25) of SH-SY5Y neuroblastoma cells at the indicated 
time points. The relative mRNA levels to the endogenous control 
U6 were measured by qPCR and presented as the fold change com-

pared to mock-infected control cells at 0  h. The standard deviation 
was calculated from four biological replicates at each indicated time 
point.  (−) 0  h: mock-infected 0  h; (−) 8  h: mock-infected 8  h; LN 
8 h: JEV LN-infected 8 h; HN 8 h: JEV HN-infected 8 h; (−) 24 h: 
mock-infected 24 h; LN 24 h: JEV LN-infected 24 h; HN 24 h: JEV 
HN-infected 24 h. Statistical significance was evaluated at each time 
point relative to transcripts levels of uninfected SH-SY5Y cells at 0 h. 
*P < 0.05; **P < 0.01; ***P < 0.001
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foci demonstrating human embryonic kidney cells are sus-
ceptible to JEV infection (Supplementary Fig. 5).

Discussion

In this study, we report for the first time the deregulation 
of the antioxidant SESN2 in human neuroblastoma cells 
in vitro following flavivirus (JEV and ZIKV) infection. 
Sestrins are a family of evolutionarily conserved stress-
response proteins which are transcriptionally regulated by 
p53 and forkhead transcription factors and that are cytopro-
tective by exerting an antioxidant oxidoreductase activity 
in vitro that counteracts oxidative stress [17]. SESN2 plays 
two separable and independent functions: regulation of ROS 
and autophagy via mTORC1 regulation [45] and, thus, has 
emerged as a therapeutic target for diverse diseases, includ-
ing malignancy, metabolic disorders, cardiovascular, and 
neurodegenerative diseases [45]. ER stress can occur when 
unfolded proteins accumulate, such as during flavivirus rep-
lication within the ER lumen [46]. In JEV infection, Su and 
co-workers previously identified upregulation of the tran-
scription factor DDIT3 (CHOP) following induction of the 
UPR following ER stress [46]. Sharma and colleagues have 
also previously shown that depletion of XBP1 during JEV 
infection prevented the induction of autophagy and neuronal 
cell death showing its essential role in the autophagic pro-
cess during flavivirus infection [47].

Interestingly, SESN2 protein levels have been found to 
be higher in patients suffering from Alzheimer’s disease 
and PD [48–50] suggesting a role in neurotoxicity and that 
SESN2 malfunction may be associated with neuropathol-
ogy. The link between elevated SESN2 and PD is particu-
larly intriguing in the context of JEV infection as one of 
the distinct neurological sequelae associated with JEV is a 
Parkinsonian-like phenotype [51]. We suggest that studies 
should be performed to examine the levels of SESN2 in post-
mortem sections to determine whether flaviviral antigens 
and SESN2 co-localize in vivo and specifically within the 
substantia nigra dopamine-producing neurons [51, 52]. In 
addition, SESN2 has been shown to promote Parkin-induced 
mitophagy—a process whereby mitochondria are selectively 
degraded by autophagy, which is essential for maintenance 
of undamaged mitochondria and the reduction of inflamma-
some activation [53]. Mutations in the Parkin gene have also 
been previously associated with autosomal recessive famil-
ial PD [54]. SESN2 expression has also been found to be 
deregulated in the brain of HIV-associated neuronal disor-
ders causing increased oxidative stress [48]. In post-mortem 
brain sections from cases of HIV-associated neurodegenera-
tion (HAND), redistribution of SESN2 immunoreactivity 
from the neuropil (the unmyelinated axonal and dendritic 
processes) to the soma (the neuronal cell body) was evident 
[48]. The authors interpreted this redistribution of SENS2 
to the neuronal soma to be the result of the increased oxi-
dative stress occurring in the context of HIV infection and 
that neuronal stress is implicated in the pathophysiology of 
HAND. Whether a comparable redistribution of SESN2 to 
the soma is seen in the brains of mouse and rat models of 
flavivirus encephalopathy or in the post-mortem sections of 
human cases is unknown.

We show in this study that the tribbles 3 pseudokinase 
(TRIB3) mRNA was also significantly upregulated in both 
JEV and ZIKV infection of neuroblastoma cells in vitro. 
TRIB3 has been previously implicated in hepatitis C virus 
(HCV) replication, an hepatotropic flavivirus, as RNA-
Seq studies showed TRIB3 to be upregulated [55]. TRIB3 
knockdown leads to elevated HCV replication and increased 
virally encoded proteins, whereas TRIB3 overexpression 
diminished viral replication. The available data suggest HCV 
hijacks TRIB3-Akt pathway to enable viral persistence and 
may contribute to chronic HCV infection [55]. It remains 
to be determined whether TRIB3 also plays a comparable 
role in the replication of mosquito-transmitted flaviviruses.

Recently, Mukherjee and colleagues employing a human 
neural stem cell (hNS1 cell line) model of JEV infection 
conducted an analysis of the host proteome response at 72 
hpi [56]. Consistent with the findings in the present study 
of JEV infection at 24 hpi that ER UPR was the top GO 
term identified, Mukherjee identified signaling through all 
ER UPR pathway proteins (PERK, IRE-1, and ATF6 and 

Fig. 3   SESN2 protein expression is deregulated in JEV-infected SH-
SY5Y cells. Immunoblot analysis of SH-SY5Y mock-infected and 
infected with increasing MOIs (1, 10 and 25) of JEV LN and HN 
strains 24 hpi. Molecular weights are indicated in kiloDaltons (kDa) 
relative to molecular weight markers on the left and the predicted 
sizes of the specific proteins are indicated on the right. Uninfected 
cells served as mock controls
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their downstream mediators) in hNS1 cells which trigger 
pro-apoptotic signals and ultimately caspase activation and 
cell death. GRP78, Calreticulin, Vimentin, PHB, hnRNPC, 
and Hyou1 were found by Mukherjee and co-workers to 

be significantly upregulated by JEV infection compared to 
mock-infected hNS1 cells 4 days post-infection. We note 
with interest that hypoxia-upregulated protein 1 (Hyou1) 
was also identified in the present study to be upregulated 

Fig. 4   ER stress-signaling transcripts are significantly deregulated in 
ZIKV-infected neurons. The endoplasmic reticulum stress-signaling 
transcripts, SESN2, TRIB3, DDIT3, DDIT4, XBP1, and ATF4 (a–f), 
were examined by specific SYBR green qPCR assays following mock 
or ZIKV (prototype strain MR766) infection of SH-SY5Y neuroblas-
toma cells at 24 h with increasing MOIs (1, 5, and 10). The relative 
mRNA levels to the endogenous control U6 were measured by qPCR 
and are presented as the fold change compared to mock-infected con-

trol cells at 24 h. The standard deviation was calculated from four 
biological replicates at each indicated time point.  (−) 0  h: mock-
infected 0 h; (−) 8 h: mock-infected 8 h; LN 8 h: JEV LN-infected 
8 h; HN 8 h: JEV HN-infected 8 h; (−) 24 h: mock-infected 24 h; LN 
24 h: JEV LN-infected 24 h; HN 24 h: JEV HN-infected 24 h. Statis-
tical significance was evaluated relative to transcripts levels of unin-
fected SH-SY5Y cells at 24 h.*P < 0.05; **P < 0.01; ***P < 0.001
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1 day post-infection of SH-SY5Y neuroblastoma cells (see 
Fig. 1c) and Hyou1 has previously been implicated in her-
pesvirus-associated inflammation and pathogenesis [57]. 
Further studies are required to determine whether Hyou1 
plays a role in flavivirus-associated neuropathogenesis.

Interestingly, Tang and co-workers employing a ZIKV 
human neural progenitor cell (hNPC) model of infection 
also identified upregulation of SESN2, TRIB3, and SLC7A11 
transcripts following RNA-Seq analysis 3 days after infec-
tion with a low MOI (0.01) [58]. While this prior study 
focused on the increased cell death and cell-cycle dysregu-
lation following ZIKV infection, it employed the same pro-
totype strain (MR766), however, a different cell line and a 
later time point than the present study which suggests that 
sustained expression of SESN2, TRIB3 and SLC7A11 may 
be a general feature that occurs during flavivirus infection 
of neuronal-derived cells.

Glutamate excitotoxicity has been previously implicated 
in a number of neurological diseases, such as PD, Alzhei-
mer’s disease, multiple sclerosis, amyotrophic lateral scle-
rosis, and Huntington’s disease [59]. System xc

− activation 
results in the efflux of glutamate and the influx of cystine and 
represents the principal source of extracellular glutamate in 
certain regions of the brain [60], including the hippocam-
pus and striatum where JEV antigen has been identified in 
post-mortem autopsies [8]. Hypothetically, in virus-induced 
encephalitis enhancement of the xc

− antiporter activity may 
induce deleterious effects via release into the extracellular 
space of toxic quantities of glutamate; however, system 
xc

− fulfills a dual role by providing cysteine (arising from 
the immediate reduction of the imported oxidized cystine) 
[61] and stimulating glutathione synthesis [62]. Our findings 

raise the possibility that system xc
− is potentially implicated 

in the pathophysiology of JEV-induced neurodegeneration. 
The amino acid glutamate represents the principle activa-
tor of excitatory neurotransmitter receptors in mammalian 
central nervous systems and, therefore, the concentration of 
extracellular glutamate is maintained at extremely low levels 
in non-diseased states [63]. Increased activity of the extra-
synaptic glutamatergic system has been associated with exci-
totoxic neuronal injury in several brain pathologies related 
to excitotoxicity, neurodegeneration, and neuroinflammation 
[63]. Neurodegenerative diseases are typified by both exci-
totoxicity and neuroinflammatory processes that ultimately 
leads to neuronal damage and subsequent death [60]. An 
emerging hypothesis in the study of glial, and other brain 
tumors, is that glutamate release is a self-preservation mech-
anism elicited by cancerous cells [61]. Upregulating the xCT 
antiporter (system xc

−) leads to an increase in the uptake 
and the intracellular concentration of cystine, an essential 
amino acid, required for GSH synthesis, an antioxidant 
required for tumor proliferation and survival [62]. Whether 
an analogous scenario exists in flavivirus-infected neuronal 
cells with increased reactive oxygen species and ER stress 
necessitating increased GSH biosynthesis but coupled to the 
deleterious effects associated with increased glutamate exci-
totoxicity is suggested by the present work as we determined 
significantly increased SLC7A11 and SLC3A2 mRNA tran-
scripts in JEV-infected neuroblastoma cells by RNA-Seq. 
Indeed, SLC7A11 upregulation in HEK293T cells, while 
relative levels were decreased compared to the upregulation 
determined in SH-SY5Y cells, showed that this preceded 
the upregulation of the DNA damage response transcription 
factor DDIT3 which was the most significantly deregulated 

Fig. 5   The SLC7A11 mRNA encoding the light chain of the xCT 
antiporter (system xc

−) is deregulated in neuronal cells. a Rela-
tive expression of SLC7A11 and DDIT3 mRNA (the top ranked hit 
on the heat map in Fig.  1a) to GAPDH was examined by TaqMan 
qPCR following mock or JEV infection (MOI 25) with low or high 
neurovirulence strains of SH-SY5Y neuroblastoma cells at the indi-
cated time points. Statistical significance was evaluated relative to 

transcripts levels of uninfected SH-SY5Y cells at 0  h.*P < 0.05; 
**P < 0.01; ***P < 0.001. b Relative expression of SLC7A11 and 
DDIT3 was examined by TaqMan qPCR following mock or JEV 
infection with low or high neurovirulence strains of HEK293T cells 
at 24 hpi. Statistical significance was evaluated relative to transcripts 
levels of uninfected SH-SY5Y cells at 24 h.*P < 0.05; **P < 0.01; 
***P < 0.001
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neuronal transcript in the RNA-Seq analysis. Several tran-
scription factors that regulate xCT expression have been 
identified. The PI3K/Akt/GSK3β/eIF2α/ATF4 pathway 
has been recently shown to be implicated in increased xCT 
expression in the hippocampal region in neurological disor-
der [64]. ATF4 can bind to a number of amino acid response 
elements in the promoter of the specific light chain subunit 
of xCT (i.e., SLC7A11) resulting in elevated transcription 
of xCT. Our transcriptomic analysis and qPCR analysis 
showed ATF4 was also significantly upregulated in JEV-
infected neuronal cells in vitro suggesting this may be the 
mechanism whereby increased SLC7A11 expression occurs. 
Whether some of the neurological manifestations of JEV 
and other flaviviral-associated encephalitides are attributable 
to glutamate excitotoxicity arising from increased system 
xc

− expression and glutamate excitotoxicity is unknown and 
warrants further study.
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