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Abstract
Background: Japanese encephalitis virus is a mosquito-borne neurotropic �avivirus that causes acute
viral encephalitis in humans. Pigs are crucial ampli�er host of JEV. Recently, increasing evidences have
shown that long non-coding RNAs (lncRNAs) play important roles in virus infection.

Methods: The JEV proliferation was evaluated after overexpression or knockdown of lncRNA-
NONSUST006715.1 using western blotting and reverse-transcription polymerase chain reaction (RT-PCR).
C-C chemokine receptor type 1 (CCR1) was found to regulate the expression of lncRNA-
NONSUST006715.1 by inhibitors screen. The expression of lncRNA-NONSUST006715.1 was detected
using RT-PCR after overexpression or knockdown of transcription factor SP1. In addition, the enrichments
of transcription factor SP1 on the promoter of lncRNA-NONSUST006715.1 were analyzed by chromatin
immunoprecipitation.

Results: In this study, we demonstrated that swine lncRNA-NONSUST006715.1 could suppress JEV
proliferation in PK-15 cells. We also found that CCR1 inhibited the expression of lncRNA-
NONSUST006715.1 via the transcription factor SP1. In addition, knockdown of CCR1 could upregulated
the expression of SP1 and lncRNA-NONSUST006715.1, resulting in resistance to JEV proliferation.

Conclusions: These �ndings illustrate the importance of lncRNAs in virus proliferation, and reveal how
this virus regulates lncRNAs in host cells to promote its proliferation.

Background
Japanese encephalitis virus (JEV) is a mosquito-borne neurotropic virus of the family Flaviviridae.
Epidemic encephalitis B is a mosquito-borne zoonosis caused by JEV, occurring mainly in Asia and the
Paci�c Rim. Japanese encephalitis is a major health hazard in China, where it is considered as a serious
infectious disease. Pigs are the main ampli�er and wintering host of JEV, which exhibits a pig–
mosquito–human transmission pathway that is independent of pig breed and gender. In China, JEV
genotypes I and III mainly infect pigs [1]. JEV infection incidence is highest from July to September each
year, at a rate of 20–30%. JEV infection can lead to miscarriage, stillbirths, and weak or mummi�ed
fetuses among pregnant sows, and can cause orchitis, testicular shrinkage, and hardening or loss of
spermatogenic function in infected boars, eventually leading to infertility; moreover, piglets may die from
JEV-induced encephalitis. Together, these effects limit herd expansion, causing huge economic losses in
the pig industry [2, 3]. Since large-scale application of vaccines and traditional veterinary drugs can have
adverse effects on disease resistance and the environment, it is of great theoretical and practical
signi�cance to identify antiviral molecular agents and alternative means to prevent and control JEV.

Long non-coding RNA (lncRNA) is a type of non-coding RNA with a length greater than 200 nucleotides.
LncRNA was originally thought to be merely genomic noise, with no biological function. However, recent
studies have shown that lncRNA plays an important role in cellular processes, such as transcriptional
regulation, chromosome modi�cation, epigenetic regulation, and intranuclear transport [4-9]. As multi-
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function non-coding RNAs, lncRNAs have received increasing attention in antiviral-related research.
LncRNA MEG3 has been reported to be inhibited by RSV infection, whereas MEG3 inhibits RSV infection
of respiratory epithelial cells by inhibiting the TLR4-dependent p38 MAPK and NF-κB signaling pathways
[7]. LncRNA also plays an important role in the natural immunity of pigs to blue ear virus [10], and can be
used as a diagnostic marker and therapeutic target for liver damage caused by dengue virus infection [11,
12]. Recently, certain viruses have been shown to inhibit cell metabolism-related enzymes, such as GOT2
(mainly enriched in mitochondria), by activating the NF-κB signaling pathway and thereby promoting viral
replication and proliferation [13, 14].

JEV typically invades the central nervous system after infection, and can trigger a wide range of natural
immune responses via substantial viral replication, leading to nerve cell necrosis [15]. The
neuroin�ammation caused by JEV is mainly related to the loss of control of microglia, which release
in�ammation-related cytokines and chemokines such as IL-1β, IL-6, TNFα, and MCP1, causing an
irreversible in�ammatory response and leading to neuronal necrosis. Several studies have found that
microglia can also serve as long-term JEV containers [16]. Although many studies have investigated the
molecular mechanisms by which micro RNAs (miRNAs) regulate JEV replication and proliferation [17-20],
the molecular mechanism of the effect of lncRNA on JEV proliferation remains to be explored. Recent
studies have shown that lncRNA Malat1 was signi�cantly upregulated in JEV-infected mouse Neuro2a
cells via the PERK endoplasmic reticulum stress signaling pathway [21], and that silencing lncRNA
E52329 and N54010 can regulate the in�ammatory response in JEV-infected mouse microglia cells by
reducing the phosphorylation levels of JNK and MKK4 [22].

In this study, we aimed to explore the role of lncRNA-NONSUST006715.1 in the proliferation of JEV. To
this end, PK-15 cells were transduced with overexpression vector and antisense oligonucleotides (ASO) of
lncRNA-NONSUST006715.1 to evaluate its potential role in the proliferation of JEV. We found that
lncRNA-NONSUST006715.1 could inhibit the proliferation of JEV, and CCR1 as a key regulator of JEV
proliferation was involved in the expression regulation of lncRNA-NONSUST006715.1 via transcript factor
SP1.

Results
Overexpression of lncRNA-NONSUST006715.1 inhibited JEV proliferation

In our previous studies, we screened four lncRNAs involved in innate immunity to determine the role of
lncRNA in JEV proliferation [23]. In the present study, we focused on the effect of lncRNA-
NONSUST006715.1 on JEV proliferation. We performed reverse-transcription polymerase chain reaction
(RT-PCR) analysis to detect lncRNA-NONSUST006715.1 levels following JEV infection. We found that
lncRNA-NONSUST006715.1 was signi�cantly increased at 36 h post-infection, but signi�cantly decreased
at 48 h post-infection. LncRNA exhibited an obvious response to JEV infection (Fig. 1A). In the previous
studies, we also found that 36-48 h is a crucial stage for the proliferation of JEV. To explore the function
of lncRNA-NONSUST006715.1 in JEV proliferation, RT-PCR was performed to detect the effect of lncRNA-
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NONSUST006715.1 overexpression at 48 h after transfection with vectors, and found that it was
signi�cantly upregulated compared to the control group (Fig. 1B). Western blotting results clearly showed
that lncRNA- NONSUST006715.1 overexpression suppressed JEV-NS3 protein levels at 48 h post-
infection (Fig. 1C). RT-PCR results showed that lncRNA-NONSUST006715.1 overexpression suppressed
the JEV mRNA levels at 24 h and 48 h post-infection (Fig. 1D).

Knockdown of lncRNA-NONSUST006715.1 promoted JEV proliferation

To verify the function of lncRNA-NONSUST006715.1 in JEV proliferation, we used ASO to knock down
lncRNA-NONSUST006715.1 expression. RT-PCR transcription analysis showed that lncRNA-
NONSUST006715.1 transcript levels were signi�cantly decreased at 24 h by transfection of ASO1, ASO2,
and ASO3 into PK-15 cells (Fig. 2A). ASO1 was more e�cient for knocking down lncRNA-
NONSUST006715.1 transcript levels; therefore, we used ASO1 in subsequent experiments. We performed
RT-PCR analysis to examine the effects of ASO1 at different time points; lncRNA-NONSUST006715.1
transcript levels were signi�cantly decreased at 24, 36 and 48 h after ASO1 transfection into PK-15 cells
(Fig. 2B). Western blotting results showed that the level of JEV NS3 protein increased signi�cantly 36
hours after knockout of lncRNA-NONSUST006715.1 gene, and the increase was about 3-fold that of the
control group, which indicated that lncRNA-NONSUST006715.1 inhibited the proliferation of JEV in PK-15
cells (Fig. 2C). RT-PCR results showed that lncRNA-NONSUST006715.1 knockdown promoted the JEV
mRNA levels at 36 h post-infection (Fig. 2D).

CCR1 suppressed lncRNA-NONSUST006715.1 expression and promoted JEV proliferation

We performed RT-PCR analysis to determine the effects of inhibitors on lncRNA-NONSUST006715.1
transcription levels. The inhibitors AG490 (50 μM, JAK inhibitor), LY294002 (20 μM, PI3K inhibitor),
SP600125 (50 μM, JNK inhibitor), SB203580 (20 μM, p38MAPK inhibitor), and U0126 (10 μM, MEK1/2
inhibitor) suppressed lncRNA-NONSUST006715.1 transcript expression, whereas the inhibitor ZK811752
(10 μM, C-C chemokine receptor type 1 (CCR1) inhibitor) promoted its expression at 48 h after add the
inhibitor (Fig. 3A). We then performed Western blotting, and found that JEV NS3 protein levels were
decreased at 48 h after JEV infection by ZK811752, which was 0.16-fold that of beta-actin; this result
con�rmed that CCR1 inhibitor inhibited JEV proliferation (Fig. 3B).  RT-PCR results showed that CCR1
inhibitor ZK811752 could suppress the JEV mRNA levels at 48 h post-infection (Fig. 3C). We suspect that
CCR1 may play an important role in JEV proliferation, by suppressing lncRNA-NONSUST006715.1
expression. We performed RT-PCR to detect CCR1 expression after JEV infection, and found that CCR1
messenger RNA (mRNA) levels were signi�cantly decreased at 24 and 36 h post-infection (Fig. 3D). To
verify the effect of CCR1 on the regulation of lncRNA-NONSUST006715.1 expression, we transfected
three CCR1 short interfering RNAs (siRNAs) into cells and performed RT-PCR. We found that siRNA-B was
optimal for CCR1 expression knockdown (Fig. 3E). siRNA-B was then used to knockdown CCR1 mRNA
levels, and RT-PCR showed that CCR1 knockdown upregulated lncRNA-NONSUST006715.1 expression at
48 h after transfection siRNA (Fig. 3F). Western blotting was also performed; found that JEV NS3 protein
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level was decreased by CCR1 knockdown at 48 h after transfection with siRNA-B (Fig. 3G). RT-PCR results
showed that CCR1 knockdown could suppress the JEV mRNA levels at 48 h post-infection (Fig. 3H).

CCR1 regulated lncRNA-NONSUST006715.1 expression via transcription factor SP1

To study the mechanism by which CCR1 regulates lncRNA-NONSUST006715.1 expression, we used an
online tool (http://gene-regulation.com/) to analyze the promoter region of lncRNA-NONSUST006715.1,
and found that the transcription factors CEBP-A, GATA1, SP1, and NF1 may be involved in the regulation
of lncRNA-NONSUST006715.1 expression. CCR1 siRNA was transfected into PK-15 cells; RT-PCR analysis
showed that SP1 expression was signi�cantly increased at 48 h after CCR1 knockdown, whereas no
change was detected in the mRNA levels of transcription factors CEBP-A, GATA1, and SP1 (Fig. 4A).
Western blotting analysis con�rmed that SP1 protein levels were upregulated at 48 h by CCR1 knockdown
(Fig. 4B). To verify the effect of transcription factor SP1 on the expression of lncRNA-NONSUST006715.1,
we transfected the siRNA and overexpression vector of SP1 into cells and performed RT-PCR, found that
the expression of lncRNA-NONSUST006715.1 was signi�cant decreased at 48 h after SP1 knockdown
and increased at 48 h after SP1 overexpression (Fig. 4C and D). To determine whether the enrichment of
transcription factor SP1 was affected by CCR1 in the promoter region of lncRNA-NONSUST006715.1, we
performed chromatin immunoprecipitation (CHIP), and detected signi�cant SP1 enrichment at 48 h after
CCR1 knockdown of the –1,645 to –1,458 bp, –1,024 to –867 bp, and +282 to +378 bp lncRNA-
NONSUST006715.1 promoter regions (Fig. 5A-C), whereas no such changes were detected in the
promoter regions of GAPDH and lncRNA-NONSUST006715.1 (Fig. 5D and E); this indicated that CCR1
downregulated SP1 mRNA levels and reduced the recruitment of SP1 to the promoter regions of lncRNA-
NONSUST006715.1.

Discussion
After porcine is naturally infected by mosquitoes carrying JEV, the virus �rst propagates in skin epithelial
cells and lymph nodes, infects peripheral organs such as kidney, liver and spleen, and then invades, and
then causes transient viremia. After that, the neurotropic virus spread to the central nervous system.
Porcine kidney epithelial cell line, PK-15 cells, has a similar susceptibility and function as skin epithelial
cells. In addition, scientists have conducted a large number of studies on JEV in PK-15 cells. Therefore,
PK-15 cells are a good model to evaluate the role of lncRNAs in host response to JEV infection.

LncRNAs regulate many biological processes including gene imprinting, cell growth, cell differentiation,
apoptosis, immune responses, the p53 pathway, stem cell self-renewal, and DNA damage response [24-
29]. LncRNA expression is usually tissue-speci�c or affects speci�c developmental stages [30-32]. SARS
coronavirus-infected mice were found to contain 500 annotated lncRNAs and 1,000 non-annotated
genomic regions [33]. LncRNA GAS5 has been found to suppress hepatitis C virus (HCV) replication via
interaction with viral NS protein [34]. LncRNA NEAT1 is crucial for the nucleocytoplasmic transport of
mRNA in response to stimuli [35]. Recent studies have also shown that virus lncRNA, or lncRNA produced
during the viral life cycle, can regulate the host’s antiviral immune response, thus playing an important
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role in promoting the replication and proliferation of the virus and packaging of the genome into the
virions [36, 37]. Cellular lncRNA and virus-encoded lncRNA can form chimeric lncRNA, which impacts
virus infection [38, 39]. Some studies have shown that lncRNAs regulate the host’s innate immune
response, including pathogen recognition receptor-related signaling and the production of interferons and
cytokines [40, 41].

In-depth study of lncRNAs has shown that they act as a medium for molecular scaffolds, guides, decoys,
or signals in chromatin remodeling, transcription, post-transcription, or post-translational regulation [42,
43]. lncRNAs exhibit both negative and positive functions for host’s innate immunity and virus replication
[44, 45]. Different forms of miRNAs lead to mRNA degradation through base pairing to mRNA sequence
motifs; thus, lncRNAs utilize speci�c sequences or structural motifs to bind with DNA, RNA, or proteins, to
modulate gene expression and protein activity including cis (impacting neighboring genes) and trans
(impacting gene expression via chromosome conformation) functions [42, 46].

In this study, we found that upregulation of lncRNA-NONSUST006715.1 transcription levels inhibited the
expression of JEV nonstructural protein NS3 and JEV mRNA levels (Fig. 1C and D), and knockdown of
lncRNA-NONSUST006715.1 promoted JEV proliferation (Fig. 2C and D). JEV-NS3 is a multifunctional
protein consisting of 619 amino acid residues, one-third of which are n-terminal. The protein also has a
catalytic domain of helicases, the activity of serine protease, nucleoside 5' -triphosphatase, and RNA
triphosphatase active [47-49]. NS3 also play crucial roles in the replication and assembly of viruses, that
has been con�rmed in the Flaviviridae, such as Japanese encephalitis virus, dengue fever virus, yellow
fever virus; Hepacivirus, such as hepatitis C [50-52]. We speculate that lncRNA- NONSUST006715.1 could
suppress JEV proliferation by inhibiting NS3, but it is still unclear that the lncRNA-NONSUST006715.1
interacts with protein JEV- NS3 to inhibit the activity directly or affecting the NS3 activity via other
process. In this study, we investigated the effects of lncRNA on anti-virus in PK-15 cells, but the
neuroin�ammation caused by JEV is mainly related to the loss of control of microglia cells [16],
Furthermore, we will study the function of lncRNAs in microglial cell of swine.

CCR1, also called CD191, is a G protein-coupled receptor that can serve a therapeutic target for the
treatment of in�ammatory diseases. Mouse homolog studies have suggested that this gene plays roles in
host protection, including the in�ammatory response and susceptibility to viruses and parasites [53].
CCR1 also directs leukocytes to in�ammation sites [54]. CCR1 is mainly expressed in lymphocytes,
neutrophils, and monocytes [55, 56]; its known ligands include CCL3, CCL5, CCL7, and CCL23 [57]. In
humans, CCR1 is highly expressed on monocytes, whereas in rodents, it is primarily expressed on
neutrophils [54, 58]. CCR1 recruits monocytes and type-1 T helper cells to activate in�ammation after
chronic HCV infection [59]. In rheumatoid arthritis, CCR1 regulates the expression of TNFα and IL-10, and
is therefore an e�cient therapeutic target [60]. Since lncRNA-NONSUST006715.1 suppresses JEV
proliferation, CCR1 may play a positive role in promoting JEV proliferation post-infection. Downregulation
of CCR1 expression has been reported after infection with Leishmania infantum or coronavirus [61, 62]. In
the present study, we found that CCR1 expression was negatively correlated with lncRNA-
NONSUST006715.1 expression after JEV infection, CCR1 expression was downregulated at 36 h after
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JEV infection, but recovered at 48 h (Fig. 3D). By contrast, lncRNA-NONSUST006715.1 expression was
very high at 36 h after JEV infection, but decreased sharply at 48 h (Fig. 1A); therefore, we concluded that
the regulation of lncRNA-NONSUST006715.1 expression by CCR1 is crucial for JEV proliferation. In this
study, we found the transcript factor SP1 could regulate the expression of the lncRNA-NONSUST006715.1
(Fig 4C and D), and found that CCR1 inhibited lncRNA-NONSUST006715.1 expression via the transcript
factor SP1 (Fig 4A and B, Fig. 5A-C); however, the mechanism by which CCR1 regulates SP1 remains
unclear. Furthermore, the mechanism by which lncRNA-NONSUST006715.1 suppresses JEV proliferation
requires further study.

Conclusion
JEV infected PK-15 cells, initiating cell defense systems by upregulating lncRNA-NONSUST006715.1
expression, thereby suppressing JEV proliferation. However, CCR1 protein expression rapidly reduced
lncRNA-NONSUST006715.1 transcript levels via downregulation of the SP1 transcription factor of
lncRNA-NONSUST006715.1, thereby destroying normal cell defense function and allowing JEV
proliferation to proceed unchecked (Fig. 6).

Materials And Methods
Cell Culture, transfection and viral infection

PK-15 cells were cultured in Dulbecco’s Modi�ed EagleMedium DMEM-F12 (GIBCO) containing 10% (v/v)
foetal cattle Serum, 100 μg/ml penicillin /streptomycin mixtures at 37 °C with 5% CO2.

The lncRNA smart silencers were synthesized by Ribobio (Guangzhou, China) and siRNA (siCCR1) were
synthesized by GenePharma (Shanghai, China). The sequences of siCCR1s were as follow: siCCR1A 5’-
UCAUUGGCCUGAUCGGCAATT-3’, the sequences of siCCR1B: 5’-GGCUCUAUUUCAUUGGCUUTT-3’, the
sequences of siCCR1C: 5’-GCAAGUAUCUACGGCAGUUTT-3’, the sequences of siSP1: 5’-
GCAACAUCAUUGCUGCUAUTT-3’, the sequences of NC (Negative control): 5’-
UUCUCCGAACGUGUCACGUTT-3’. PK-15 cells were seeded in 6-well or 12-well plates and grown to
approximately 50-60% con�uence for transfection. The cells were transfected with 50 nmol siRNA or
100nmol lncRNA smart silencers using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, USA) according
to the manufacturer’s protocol. The cells were harvested at the indicated times.

The inhibitors were synthesized by Beyotime (China). AG490 (S1509, JAK inhibitor), LY294002 (S1737,
PI3K inhibitor), SP600125 (S1876, JNK inhibitor), SB203580 (S1863, p38MAPK inhibitor), U0126 (S1901,
MEK1/2 inhibitor), and ZK811752 (SD3699, CCR1 inhibitor)

The JEV strain SA14-14-2 (GenBank accession: AF315119.1) was propagated in BHK-21 cells according
to the protocol of Yang (S. Yang et al., 2013). All infections were carried out by incubating the cells with
virus at the MOI = 1, then the inoculum was removed, the cells were washed three times with PBS and



Page 8/19

fresh mediuma was added. The infection was performed and the infected PK-15 cells were maintained in
DMEM supplemented with 2 % FBS without penicillin /streptomycin mixtures.

Plasmid

Full-length pig lncRNA-NONSUST006715.1 oligos was synthesis by Nucleic acid synthesizer, Full-length
pig SP1 CDS was inserted into the NheI and XhoI sites of the pcDNA3.1(+) vector (Invitrogen).

Real-time quantitative PCR analysis

Primers for lncRNA-NONSUST006715.1, CCR1, SP1, NF1, GATA1 and CEBP-alpha were designed using
the Primer 5 software; Primers for glyceraldehyde 3- phosphate dehydrogenase (GAPDH) were used as an
internal control. Total RNA was extracted from cells using TRIzol® Reagent (Invitrogen) according to the
manufacturer's protocol. The reverse transcription of total RNA (1 μg) was performed using a RevertAid™
RT Reagent Kit (RR036A, Takara) in a 20 μl reaction volume according to the manufacturer. Primer
information for the Real-time quantitative PCR is also available in the Supplemental information (Table
S1).

Western blot analysis

Cells were lysed with RIPA lysis buffer (P0013B, Beyotime, China) and 1 mM PMSF (ST506, Beyotime,
China). Protein concentration of cell lysate was determined by the BCA method (Pierce, Rockford, USA).
Ten micrograms of total protein per sample was loaded onto sodium dodecylsulphate polyacrylamide gel
electrophoresis (SDS-PAGE) at 80 V for 3-4 h and transferred to PVDF membrane at 350mA for 90 min
(Version8, Roche, USA) using an electro-blotting method. After incubating in blocking buffer (PBST with
1% (w/v) BSA (A7030, Sigma)) for 1 h, membranes were incubated with rabbit polyclonal antibody for
NS3 (GTX125868, Genetex, USA), rabbit polyclonal antibody for SP1 (ab13370, Abcam, USA) at 4 °C for
12 h. After primary antibodies were used, the membranes were washed before Horseradish Peroxidase
(HRP)-conjugated Goat anti-rabbit IgG second-antibody (sc-2030, Santa Cruz, USA) was added for 1 h at
room temperature and washed again. The membranes were visualized with an ECL Western blot
detection kit (NC15080, Thermo). The β-actin (#4970, Cell Signalling Technology, USA) protein level was
also examined as an internal control. The chemiluminescence intensity of each protein band was
quanti�ed using the Image J, and then protein levels were normalized by the amount of β-actin protein.

Chromatin immunoprecipitation assay

Formaldehyde was added at a �nal concentration of 1% directly to media of PK-15 cells. Fixation
proceeded at room temperature for 10 min and was stopped by the addition of glycine to a �nal
concentration of 0.125M for 15 min. Cells were centrifuged and rinsed 3 times in cold PBS with
1mMPMSF. Then, cell nuclei were collected according to the manufacturer's protocol, SimpleChIP
Enzymatic CHIP Kit (#9002, Cell Signalling Technology, USA). Samples were sonicated on ice with an
Ultrasonics sonicator at setting 5 for six 10 s pulses to an average chromatin length of approximately
400 to 800 bp. For the immunoprecipitation, 2 μg rabbit polyclonal antibody for SP1 (ab13370, Abcam,
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USA) in a �nal volume of 500 μl immunoprecipitation (IP) buffer were added in combination to the
nuclear sonicate. After the immunoprecipitation, the IP was eluted and the DNA was recovered. DNA
obtained from IP samples were quanti�ed by real-time PCR and normalized to input DNA control
samples. Primer information for the ChIP assay is available in the Supplemental information (Table S1).

Statistics

Data are presented as means ± SEM. Signi�cant differences were analyzed by Mann-Whitney test or one-
way analysis of variance (ANOVA) using SPSS software (ver, 20.0, SPAA Inc, USA). P-values < 0.05 were
considered to be statistically signi�cant.

Abbreviations
Japanese encephalitis virus (JEV), long non-coding RNAs (lncRNAs), micro RNAs (miRNAs), C-C
chemokine receptor type 1 (CCR1), short interfering RNAs (siRNAs), antisense oligonucleotides (ASO),
hepatitis C virus (HCV).

Declarations
Ethics approval and consent to participate

Not applicable.

Consent to publication

All authors are consent to publication.

Availability of data and material

To whom requests for materials should be addressed (email: zay503@zafu.edu.cn).

Competing interests

The authors declare no competing �nancial interests.

Funding

This research was supported by grants from Natural Science Foundation of Zhejiang province
(LY19C170003) and Zhejiang University Student Science and Technology Innovation Activity Plan (New
Seedling talent Plan subsidy project, 2020R412021).

Authors’ contributions

XZ, SY, and AZ conceived and designed the study project; XZ, QY, and CZ, performed the experiments, XZ,
ZD, DC, HW, and SY analyzed the data and prepared the manuscript, XL, SY, and AZ contributed to result

mailto:zay503@zafu.edu.cn


Page 10/19

discussion and data interpretation. All authors read and approved the �nal manuscript.

Acknowledgments

We thank Professor Songbai Yang (Zhejiang Agriculture and Forest University, Hangzhou, China) for
generously providing JEV strain SA14-14-2.

References
1. Chai C, Wang Q, Cao S, Zhao Q, Wen Y, Huang X, Wen X, Yan Q, Ma X, Wu R: Serological and

molecular epidemiology of Japanese encephalitis virus infections in swine herds in China, 2006-
2012. J Vet Sci 2018, 19:151-155.

2. Fan JM, Luo J, Chen L, Teng M, Bu D, Wang FY, Wang L, Wang CQ, Zhang GP: Genetic analysis of
strains of Japanese Encephalitis Virus isolated from swine in central China. Virus Genes 2010,
40:357-361.

3. Zhang Y, Jing J, Li X, Wang J, Feng X, Cao R, Chen P: Integration analysis of miRNA and mRNA
expression pro�les in swine testis cells infected with Japanese encephalitis virus. Infect Genet Evol
2015, 32:342-347.

4. Liu J, Yang C, Gu Y, Li C, Zhang H, Zhang W, Wang X, Wu N, Zheng C: Knockdown of the lncRNA
SNHG8 inhibits cell growth in Epstein-Barr virus-associated gastric carcinoma. Cell Mol Biol Lett
2018, 23:17.

5. Ponting CP, Oliver PL, Reik W: Evolution and functions of long noncoding RNAs. Cell 2009, 136:629-
641.

�. St Laurent G, Wahlestedt C, Kapranov P: The Landscape of long noncoding RNA classi�cation.
Trends Genet 2015, 31:239-251.

7. Tao XW, Zeng LK, Wang HZ, Liu HC: LncRNA MEG3 ameliorates respiratory syncytial virus infection
by suppressing TLR4 signaling. Mol Med Rep 2018, 17:4138-4144.

�. Wang J, Wang Y, Zhou R, Zhao J, Zhang Y, Yi D, Li Q, Zhou J, Guo F, Liang C, et al: Host Long
Noncoding RNA lncRNA-PAAN Regulates the Replication of In�uenza A Virus. Viruses 2018, 10.

9. Zuo K, Kong L, Xue D, Yang Y, Xie L: The expression and role of lncRNA AX800134 in hepatitis B
virus-related hepatocellular carcinoma. Virus Genes 2018, 54:475-483.

10. Zhang J, Sun P, Gan L, Bai W, Wang Z, Li D, Cao Y, Fu Y, Li P, Bai X, et al: Genome-wide analysis of
long noncoding RNA pro�ling in PRRSV-infected PAM cells by RNA sequencing. Sci Rep 2017,
7:4952.

11. Fu N, Zhao SX, Kong LB, Du JH, Ren WG, Han F, Zhang QS, Li WC, Cui P, Wang RQ, et al: LncRNA-
ATB/microRNA-200a/beta-catenin regulatory axis involved in the progression of HCV-related hepatic
�brosis. Gene 2017, 618:1-7.

12. Wang XJ, Jiang SC, Wei HX, Deng SQ, He C, Peng HJ: The Differential Expression and Possible
Function of Long Noncoding RNAs in Liver Cells Infected by Dengue Virus. Am J Trop Med Hyg 2017,



Page 11/19

97:1904-1912.

13. Kotzin JJ, Mowel WK, Henao-Mejia J: Viruses hijack a host lncRNA to replicate. Science 2017,
358:993-994.

14. Wang P, Xu J, Wang Y, Cao X: An interferon-independent lncRNA promotes viral replication by
modulating cellular metabolism. Science 2017, 358:1051-1055.

15. Chen CJ, Chen JH, Chen SY, Liao SL, Raung SL: Upregulation of RANTES gene expression in
neuroglia by Japanese encephalitis virus infection. J Virol 2004, 78:12107-12119.

1�. Smith JA, Das A, Ray SK, Banik NL: Role of pro-in�ammatory cytokines released from microglia in
neurodegenerative diseases. Brain Res Bull 2012, 87:10-20.

17. Ashraf U, Zhu B, Ye J, Wan S, Nie Y, Chen Z, Cui M, Wang C, Duan X, Zhang H, et al: MicroRNA-19b-3p
Modulates Japanese Encephalitis Virus-Mediated In�ammation via Targeting RNF11. J Virol 2016,
90:4780-4795.

1�. Cardoso AL, Guedes JR, de Lima MC: Role of microRNAs in the regulation of innate immune cells
under neuroin�ammatory conditions. Curr Opin Pharmacol 2016, 26:1-9.

19. Chen Z, Ye J, Ashraf U, Li Y, Wei S, Wan S, Zohaib A, Song Y, Chen H, Cao S: MicroRNA-33a-5p
Modulates Japanese Encephalitis Virus Replication by Targeting Eukaryotic Translation Elongation
Factor 1A1. J Virol 2016, 90:3722-3734.

20. Rastogi M, Srivastava N, Singh SK: Exploitation of microRNAs by Japanese Encephalitis virus in
human microglial cells. J Med Virol 2018, 90:648-654.

21. Bhattacharyya S, Vrati S: The Malat1 long non-coding RNA is upregulated by signalling through the
PERK axis of unfolded protein response during �avivirus infection. Sci Rep 2015, 5:17794.

22. Li Y, Zhang H, Zhu B, Ashraf U, Chen Z, Xu Q, Zhou D, Zheng B, Song Y, Chen H, et al: Microarray
Analysis Identi�es the Potential Role of Long Non-Coding RNA in Regulating Neuroin�ammation
during Japanese Encephalitis Virus Infection. Front Immunol 2017, 8:1237.

23. Du CT, Wang H, Yang SB, Li XC, Zhou XL, Zhao AY: Study on the role of lncRNA in the process of
Japanese encephalitis virus infecting PK15 cells. China Animal Husbandry & Veterinary Medicine
2019, 46:2045-2052.

24. Latos PA, Pauler FM, Koerner MV, Senergin HB, Hudson QJ, Stocsits RR, Allhoff W, Stricker SH,
Klement RM, Warczok KE, et al: Airn transcriptional overlap, but not its lncRNA products, induces
imprinted Igf2r silencing. Science 2012, 338:1469-1472.

25. Liu Q, Huang J, Zhou N, Zhang Z, Zhang A, Lu Z, Wu F, Mo YY: LncRNA loc285194 is a p53-regulated
tumor suppressor. Nucleic Acids Res 2013, 41:4976-4987.

2�. Yang YW, Flynn RA, Chen Y, Qu K, Wan B, Wang KC, Lei M, Chang HY: Essential role of lncRNA
binding for WDR5 maintenance of active chromatin and embryonic stem cell pluripotency. Elife 2014,
3:e02046.

27. Chen LL, Carmichael GG: Decoding the function of nuclear long non-coding RNAs. Curr Opin Cell Biol
2010, 22:357-364.



Page 12/19

2�. Sharma V, Khurana S, Kubben N, Abdelmohsen K, Oberdoerffer P, Gorospe M, Misteli T: A BRCA1-
interacting lncRNA regulates homologous recombination. EMBO Rep 2015, 16:1520-1534.

29. Ulitsky I, Bartel DP: lincRNAs: genomics, evolution, and mechanisms. Cell 2013, 154:26-46.

30. Derrien T, Johnson R, Bussotti G, Tanzer A, Djebali S, Tilgner H, Guernec G, Martin D, Merkel A,
Knowles DG, et al: The GENCODE v7 catalog of human long noncoding RNAs: analysis of their gene
structure, evolution, and expression. Genome Res 2012, 22:1775-1789.

31. Ernst C, Morton CC: Identi�cation and function of long non-coding RNA. Front Cell Neurosci 2013,
7:168.

32. Morris KV, Mattick JS: The rise of regulatory RNA. Nat Rev Genet 2014, 15:423-437.

33. Peng X, Gralinski L, Armour CD, Ferris MT, Thomas MJ, Proll S, Bradel-Tretheway BG, Korth MJ, Castle
JC, Biery MC, et al: Unique signatures of long noncoding RNA expression in response to virus
infection and altered innate immune signaling. MBio 2010, 1.

34. Qian X, Xu C, Zhao P, Qi Z: Long non-coding RNA GAS5 inhibited hepatitis C virus replication by
binding viral NS3 protein. Virology 2016, 492:155-165.

35. Clemson CM, Hutchinson JN, Sara SA, Ensminger AW, Fox AH, Chess A, Lawrence JB: An
architectural role for a nuclear noncoding RNA: NEAT1 RNA is essential for the structure of
paraspeckles. Mol Cell 2009, 33:717-726.

3�. Imam H, Bano AS, Patel P, Holla P, Jameel S: The lncRNA NRON modulates HIV-1 replication in a
NFAT-dependent manner and is differentially regulated by early and late viral proteins. Sci Rep 2015,
5:8639.

37. Li D, Bao P, Yin Z, Sun L, Feng J, He Z, Jin M, Liu C: Exploration of the involvement of LncRNA in HIV-
associated encephalitis using bioinformatics. PeerJ 2018, 6:e5721.

3�. Lau CC, Sun T, Ching AK, He M, Li JW, Wong AM, Co NN, Chan AW, Li PS, Lung RW, et al: Viral-human
chimeric transcript predisposes risk to liver cancer development and progression. Cancer Cell 2014,
25:335-349.

39. Moyo B, Nicholson SA, Arbuthnot PB: The role of long non-coding RNAs in hepatitis B virus-related
hepatocellular carcinoma. Virus Res 2016, 212:103-113.

40. Carpenter S: Long noncoding RNA: Novel links between gene expression and innate immunity. Virus
Res 2016, 212:137-145.

41. Ouyang J, Hu J, Chen JL: lncRNAs regulate the innate immune response to viral infection. Wiley
Interdiscip Rev RNA 2016, 7:129-143.

42. Bonasio R, Shiekhattar R: Regulation of transcription by long noncoding RNAs. Annu Rev Genet
2014, 48:433-455.

43. Wang KC, Chang HY: Molecular mechanisms of long noncoding RNAs. Mol Cell 2011, 43:904-914.

44. Ding YZ, Zhang ZW, Liu YL, Shi CX, Zhang J, Zhang YG: Relationship of long noncoding RNA and
viruses. Genomics 2016, 107:150-154.

45. Fortes P, Morris KV: Long noncoding RNAs in viral infections. Virus Res 2016, 212:1-11.



Page 13/19

4�. Wang K, Guo WX, Li N, Gao CF, Shi J, Tang YF, Shen F, Wu MC, Liu SR, Cheng SQ: Serum LncRNAs
Pro�les Serve as Novel Potential Biomarkers for the Diagnosis of HBV-Positive Hepatocellular
Carcinoma. PLoS One 2015, 10:e0144934.

47. Lu G, Gong P: A structural view of the RNA-dependent RNA polymerases from the Flavivirus genus.
Virus Res 2017, 234:34-43.

4�. Yamashita T, Unno H, Mori Y, Tani H, Moriishi K, Takamizawa A, Agoh M, Tsukihara T, Matsuura Y:
Crystal structure of the catalytic domain of Japanese encephalitis virus NS3 helicase/nucleoside
triphosphatase at a resolution of 1.8 A. Virology 2008, 373:426-436.

49. Yiang GT, Chen YH, Chou PL, Chang WJ, Wei CW, Yu YL: The NS3 protease and helicase domains of
Japanese encephalitis virus trigger cell death via caspasedependent and independent pathways. Mol
Med Rep 2013, 7:826-830.

50. Kuo MD, Chin C, Hsu SL, Shiao JY, Wang TM, Lin JH: Characterization of the NTPase activity of
Japanese encephalitis virus NS3 protein. J Gen Virol 1996, 77:2077.

51. Warrener P, Tamura JK, Collett MSJJoV: RNA-stimulated NTPase activity associated with yellow
fever virus NS3 protein expressed in bacteria. J Virol 1993, 67:989-996.

52. Wengler G, Wengler GJV: The carboxy-terminal part of the NS 3 protein of the West Nile Flavivirus
can be isolated as a soluble protein after proteolytic cleavage and represents an RNA-stimulated
NTPase. Virology 1991, 184:707-15.

53. Neote K, DiGregorio D, Mak JY, Horuk R, Schall TJ: Molecular cloning, functional expression, and
signaling characteristics of a C-C chemokine receptor. Cell 1993, 72:415-425.

54. Gao JL, Wynn TA, Chang Y, Lee EJ, Broxmeyer HE, Cooper S, Tiffany HL, Westphal H, Kwon-Chung J,
Murphy PM: Impaired host defense, hematopoiesis, granulomatous in�ammation and type 1-type 2
cytokine balance in mice lacking CC chemokine receptor 1. J Exp Med 1997, 185:1959-1968.

55. Cochand L, Isler P, Songeon F, Nicod LP: Human lung dendritic cells have an immature phenotype
with e�cient mannose receptors. Am J Respir Cell Mol Biol 1999, 21:547-554.

5�. Su SB, Mukaida N, Wang J, Nomura H, Matsushima K: Preparation of speci�c polyclonal antibodies
to a C-C chemokine receptor, CCR1, and determination of CCR1 expression on various types of
leukocytes. J Leukoc Biol 1996, 60:658-666.

57. Lazennec G, Richmond A: Chemokines and chemokine receptors: new insights into cancer-related
in�ammation. Trends Mol Med 2010, 16:133-144.

5�. Weber C, Weber KS, Klier C, Gu S, Wank R, Horuk R, Nelson PJ: Specialized roles of the chemokine
receptors CCR1 and CCR5 in the recruitment of monocytes and T(H)1-like/CD45RO(+) T cells. Blood
2001, 97:1144-1146.

59. Oo YH, Shetty S, Adams DH: The role of chemokines in the recruitment of lymphocytes to the liver.
Dig Dis 2010, 28:31-44.

�0. Amat M, Benjamim CF, Williams LM, Prats N, Terricabras E, Beleta J, Kunkel SL, Godessart N:
Pharmacological blockade of CCR1 ameliorates murine arthritis and alters cytokine networks in vivo.
Br J Pharmacol 2006, 149:666-675.



Page 14/19

�1. Hickey MJ, Held KS, Baum E, Gao JL, Murphy PM, Lane TE: CCR1 de�ciency increases susceptibility
to fatal coronavirus infection of the central nervous system. Viral Immunol 2007, 20:599-608.

�2. Panaro MA, Spinelli R, Lisi S, Sisto M, Acquafredda A, Fumarola L, Mitolo V, Brandonisio O: Reduced
expression of the chemokine receptor CCR1 in human macrophages and U-937 cells in vitro infected
with Leishmania infantum. Clin Exp Med 2004, 3:225-230.

Figures

Figure 1

Effects of lncRNA-NONSUST006715.1 overexpression on JEV proliferation. (A) Time course of lncRNA-
NONSUST006715.1 transcript levels after JEV infection (n = 3 per group), *P<0.05 and **P<0.01 VS 0h.
(B) Effects of lncRNA-NONSUST006715.1 transcript levels were determined by reverse-transcription
polymerase chain reaction (RT-PCR) after transfected with pcDNA3.1-lncRNA NONSUST006715.1 and NC
(n = 3 per group), **P<0.01 VS mock. (C) Whole-cell lysates were harvested from the treatment groups as
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indicated. Immunoblotting was performed to detect NS3 protein levels using β-actin as an internal
control. (D) Effects of JEV transcript levels were determined by RT-PCR after transfected with pcDNA3.1-
lncRNA NONSUST006715.1 and pcDNA3.1-NC (n = 3 per group), **P<0.01 VS pcDNA3.1-NC.

Figure 2

Effects of lncRNA-NONSUST006715.1 knockdown on JEV proliferation. (A) Knockdown of lncRNA-
NONSUST006715.1 in PK-15 cells by antisense oligonucleotides (ASO). Transcript levels after
transfection with lncRNA ASO for 24 h, determined by RT-PCR (n = 3 per group) *P<0.05 and **P<0.01 VS
ASO NC. (B) Time course of lncRNA- NONSUST006715.1 transcript levels after transfection with lncRNA
ASO1, determined by RT-PCR (n = 3 per group), *P<0.05 VS ASO 0 h. (C) Whole-cell lysates were harvested
from the treatment groups as indicated. Immunoblotting was performed to detect NS3 protein levels
using β-actin as an internal control. (D) Effects of JEV transcript levels were determined by RT-PCR after
transfected with ASO (lncRNA-NONSUST006715.1) and ASO (NC) (n = 3 per group), **P<0.01 VS ASO
(NC).
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Figure 3

Effects of C-C chemokine receptor type 1 (CCR1) on JEV proliferation. (A) LncRNA-NONSUST006715.1
transcript levels following treatment with inhibitors for 48 h as determined by RT-PCR (n = 3 per group),
*P<0.05 and **P<0.01 VS vehicle. (B) Whole-cell lysates were harvested from the treatment groups as
indicated. Immunoblotting was performed to detect NS3 protein levels using β-actin as an internal
control. (C) Effects of JEV transcript levels were determined by RT-PCR after transfected with ASO
(lncRNA-NONSUST006715.1) and ASO (NC) (n = 3 per group), **P<0.01 VS Mock (JEV+). (D) Time course
of CCR1 messenger RNA (mRNA) levels after JEV infection (n = 3 per group), *P<0.05 VS ASO 0 h. (E)
Knockdown of CCR1 in PK-15 cells by short interfering RNAs (siRNAs). Cells were transfected with CCR1
siRNAs or scrambled siRNA (si-scr) (n = 3 per group), *P<0.05 and **P<0.01 VS si-scr. (F) LncRNA-
NONSUST006715.1 transcript levels after transfection with CCR1 siRNA, as determined by RT-PCR (n = 3
per group), *P<0.05 VS si-scr. (G) Whole-cell lysates were harvested from the treatment groups as
indicated. Immunoblotting was performed to detect NS3 protein levels using β-actin as an internal
control. (H) Effects of JEV transcript levels were determined by RT-PCR after transfected with si-CCR1 and
si-scr (n = 3 per group), **P<0.01 VS si-scr.
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Figure 4

Effects of CCR1 knockdown on the expression of transcription factor SP1. (A) mRNA levels of CEBPA,
SP1, NF1, and GATA1 after transfection with CCR1 siRNA for 48 h, as determined by RT-PCR (n = 3 per
group) *P<0.05 VS si-scr. (B) Whole-cell lysates were harvested from the treatment groups as indicated.
Immunoblotting was performed to detect SP1 protein levels using β-actin as an internal control. (C)
Knockdown of SP1 in PK-15 cells by siRNAs. Cells were transfected with SP1 siRNAs or scrambled siRNA
(n = 3 per group), *P<0.05 VS si-scr. (D) Effects of SP1 and lncRNA-NONSUST006715.1 transcript levels
were determined by RT-PCR after transfected with pcDNA3.1-SP1 and pcDNA3.1-NC (n = 3 per group),
*P<0.05 VS pcDNA3.1-NC.
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Figure 5

Chromatin immunoprecipitation (CHIP) assay of transcription factor SP1 in the lncRNA-
NONSUST006715.1 promoter region. (A–E) CHIP was performed using digested chromatin from CCR1
knockdown or scrambled siRNA treatment groups of PK-15 cells. Following immunoprecipitation with an
anti-SP1 antibody, enrichment of the SP1-containing DNA sequence was quanti�ed by quantitative RT-
PCR. In (A–E), amounts of the SP1-containing DNA sequence are expressed relative to the lncRNA-
NONSUST006715.1 input of each group (n = 3 per group). Histone H3 rabbit antibody and normal rabbit
IgG were used as positive and negative controls, respectively. *P<0.05 and **P<0.01 VS si-scr.
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Figure 6

Model of lncRNA-NONSUST006715.1 associated with JEV.
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