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A B S T R A C T

Rabies, caused by the rabies virus (RABV), is the oldest known zoonotic infectious disease. Although the mo-
lecular mechanisms of RABV pathogenesis have been investigated extensively, the interactions between host and
RABV are not clearly understood. It is now known that long non-coding RNAs (lncRNAs) participate in various
physiological and pathological processes, but their possible roles in the host response to RABV infection remain
to be elucidated. To better understand the pathogenesis of RABV, RNAs from RABV-infected and uninfected
human neuroblastoma cells (SK-N-SH) were analyzed using human lncRNA microarrays. We identified 896
lncRNAs and 579 mRNAs that were differentially expressed after infection, indicating a potential role for
lncRNAs in the immune response to RABV. Differentially expressed RNAs were examined using Gene Ontology
(GO) analysis and were tentatively assigned to biological pathways using the Kyoto Encyclopedia of Genes and
Genomes (KEGG). A lncRNA-mRNA-transcription factor co-expression network was constructed to relate
lncRNAs to regulatory factors and pathways that may be important in virus-host interactions. The network
analysis suggests that E2F4, TAF7 and several lncRNAs function as transcriptional regulators in various signaling
pathways. This study is the first global analysis of lncRNA and mRNA co-expression during RABV infection,
provides deeper insight into the mechanism of RABV pathogenesis, and reveals promising candidate for future
investigation.

1. Introduction

Mammalian cells contain large numbers of proteins that are en-
coded by a relatively small fraction of the genome. Although the
functions of the remaining DNA sequences have been the subject of
considerable speculation and research, high-throughput RNA sequen-
cing and microarray technology have revealed that 70%–90% of the
mammalian genome is transcribed to produce numerous noncoding
RNAs (Djebali et al., 2012; Derrien et al., 2012) including long non-
coding RNAs (lncRNAs), which contain 200 or more nucleotides
(Derrien et al., 2012). Accumulating evidence suggests that lncRNAs
participate in cell growth (Huang et al., 2014), development (Fatica and
Bozzoni, 2014; Sauvageau et al., 2013), differentiation (Kretz et al.,

2013; Wang et al., 2014), autophagy (Wang et al., 2015; Xiong et al.,
2017) and apoptosis (Lu et al., 2013; Wu et al., 2014), through their
ability to regulate gene expression at the transcriptional, post-tran-
scriptional, and epigenetic levels (Lee, 2012). lncRNAs have also been
implicated in diverse diseases and the immune response (Wang et al.,
2016; Chen and Yan, 2013; Wu et al., 2017; Li and Rana, 2014), and
disordered expression of lncRNAs is associated with infection by pa-
thogens. For example, lncRNA nuclear enriched abundant transcript 1
(NEAT1) is expressed at high levels in response to infection by influenza
virus (IAV) (Imamura et al., 2014), human immunodeficiency virus
(HIV) (Zhang et al., 2013a), herpes simplex virus (HSV) (Wang et al.,
2017a), dengue virus (Pandey et al., 2017), hantavirus (Ma et al.,
2017), and other viral pathogens. Yang et al. reported the differential
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expression of thousands of lncRNAs in human macrophages after in-
fection by Mycobacterium tuberculosis, and two lncRNAs were identified
as novel candidate diagnostic markers for tuberculosis (Yang et al.,
2016). Microarrays have been used to examine lncRNA expression
profiles in mouse brains following infection by Japanese encephalitis
virus (JEV) (Li et al., 2017). Differentially expressed lncRNAs in human
neural progenitor cells (hNPCs) have been detected after Zika virus
(ZIKV) infection, and may be involved in the microcephaly and Guil-
lain-Barré syndrome described in some patients (Hu et al., 2017). These
discoveries suggest that lncRNAs may be involved in host defenses
against pathogenic microorganisms or may contribute to pathogenesis.

Rabies, the oldest known zoonotic infectious disease, causes neu-
rological encephalitis and death (Fu, 1997). The World Health Orga-
nization estimates that> 50,000 victims succumb to the disease each
year (Welburn et al., 2015). Although many rabies prevention and
control strategies have been implemented (Tan et al., 2017), rabies
remains a serious threat to human health, especially in Asia and Africa.
The causative agent of rabies is the rabies virus (RABV), a member of
the Lyssavirus genus in the Rhabdoviridae family. While both gene and
protein expression have been examined in the host response to RABV,
little is known about the role of lncRNAs during infection. To develop
effective antiviral drugs and refine methods for the early detection of
disease, it will be necessary to understand the pathogenic mechanisms
of RABV infection in much more detail.

The molecular mechanisms of RABV infection are largely unclear,
and investigations into the potential roles played by lncRNAs in rabies
have been limited to NEAT1, a lncRNA that is highly expressed in
mouse brain during RABV and Japanese encephalitis virus infection
(Saha et al., 1991-1995). In this study, we examined lncRNA and mRNA
expression profiles and compared expression patterns in RABV-infected
and mock-infected human neuroblastoma cells. We identified 896
lncRNAs and 579 mRNAs that were differentially expressed after RABV
infection. Potential biological functions of the differentially expressed
lncRNA were explored using Gene Ontology (GO) analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis. Several
strategies were used to explore possible ‘cis’ and ‘trans’ regulatory re-
lationships between lncRNAs and target genes. A TF-lncRNA-gene
network, generated using Cytoscape, suggests that the differentially
expressed lncRNAs participate in the regulation of the immune response
to RABV, and reveals potential targets for the diagnosis and treatment
of rabies.

2. Materials and methods

2.1. Cell culture and viruses

The human neuroblastoma cell line SK-N-SH was purchased from
ATCC (stock number HTB-11). Cells were cultured at 37 °C with 5% CO2

in Eagle's Minimum Essential Medium (EMEM) supplemented with 10%
fetal bovine serum (FBS) (Gibco/Invitrogen, Carlsbad, CA, USA). All
media were supplemented with penicillin (100 U/mL) and streptomycin
(100 g/mL). RABV strain CVS-11 was stored in our laboratory. During
the experiment, SK-N-SH cells were infected with RABV at the indicated
multiplicity of infection (MOI).

2.2. Determination of viral titers

Viral titers were determined by observing infected cells under a
fluorescence microscope and calculating the 50% tissue culture in-
fectious dose (TCID50) using the Reed-Muench method (Zhang et al.,
2013b). Briefly, cells were cultivated in 96-well culture plates (Corning,
3596) and then inoculated with 10-fold serial dilutions of virus. In-
fected cultures were maintained at 37 °C in 5% CO2 for 48 h. After
culture supernatants were removed, the cells were fixed in 100mL cold
acetone-methanol (1/1) at −20 °C for 30min, and then allowed to air
dry. The fixed cells were then incubated overnight with a monoclonal

antibody against the RABV N protein at 4 °C. After 5 washes with
phosphate-buffered saline (PBS), the cells were incubated with fluor-
escein isothiocyanate (FITC)-conjugated goat anti-mouse secondary
antibody (Santa Cruz Biotechnology, Santa Cruz, Dallas, TX, USA) for
1 h at 37 °C. Cells were washed 4 times with PBS-Tween 20, and then
virus titers were determined according to the presence of fluorescent
staining using a fluorescence microscope (Nikon).

2.3. Cell collection, total RNA extraction, and quality control

Cells at 70 to 80% confluency in 6-well plates were rinsed twice
with PBS, followed by the addition of diluted RABV (MOI=1). After
incubation for 1 h at 37 °C, the supernatant was discarded. The cells
were then washed twice with PBS, and complete medium was added.
After 24 h, infected cells were harvested and lysed in 1mL of TRIzol
reagent (Invitrogen). Total cellular RNA was isolated from the cells
following the TRIzol manufacturer's protocol. A NanoDrop 2000 spec-
trophotometer (Thermo Scientific, Wilmington, DE, United States) and
an Agilent 2100 (Agilent Technologies, California, United States) were
used to determine RNA yield. RNA was subjected to agarose gel elec-
trophoresis and ethidium bromide staining to evaluate RNA integrity.
Only samples with OD260/OD280 ratios between 1.8 and 2.1, and
OD260/OD230 ratios> 1.8, were acceptable. Samples were also required
to be free of genomic DNA contamination and have a 28S/18S band
intensity ratio> 2.0, as determined by staining after electrophoresis.

2.4. lncRNA and mRNA microarray expression profiling

Total RNA was labeled using the mRNA Complete Labeling and Hyb
Kit (Agilent Technologies) and hybridized to the Agilent Human
lncRNA 4*180 K Microarray (ID: 076500, Agilent Technologies). The
microarray contains 32,776 probes for human mRNA and 78,243
probes for human lncRNAs, which are derived from authoritative
sources including RefSeq (www.ncbi.nlm.nih.gov/refseq), Ensemble,
genebank (www.ncbi.nlm.nih.gov/genbank) and the LNCipedia
(https://lncipedia.org/). NONCODE (http://www.noncode.org/). After
hybridization and washing, processed slides were scanned with the
Agilent G2505C microarray scanner (Agilent Technologies). Raw data
were extracted using Feature Extraction (version 10.7.1.1; Agilent
Technologies). Quantile normalization and subsequent data processing
were conducted using Genespring (version 12.0; Agilent Technologies)
at the OE Biotechnology Company in Shanghai, People's Republic of
China. The whole microarray datasets are available on NCBI GEO da-
tabase, and GEO accession number is GSE119636.

2.5. Identification and clustering of differentially expressed lncRNAs and
mRNAs

To identify differentially expressed lncRNAs and mRNAs, raw array
data were normalized using GeneSpring (version 12.5) and then com-
pared (infected vs. uninfected) using an unpaired t-test. According to
previous report, RNAs were considered as differentially expressed if
fold-change was ≥1.5 and differences between expression levels were
statistically significant at P≤ .05(Sun et al., 2017). Differentially ex-
pressed lncRNAs and mRNAs were analyzed using Cluster 3.0 (Luo
et al., 2015). Multiple test correction is implemented to reduce false
positive or false discovery rates. The results were visualized using
TreeView (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).

2.6. Gene ontology and KEGG pathway analyses of differentially expressed
mRNAs

The gene ontology (GO) (www.geneontology.org) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.ad.
jp/kegg/) databases were used to investigate potential biological
functions and signaling pathways affected by differentially expressed
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mRNAs. Associations with P-values< .05 were considered to be sta-
tistically significant.

2.7. lncRNA-mRNA co-expression analysis and prediction of lncRNA
function

To further explore the interactions between the differentially
mRNAs and differentially expressed lncRNAs, the correlation of ex-
pressions between lncRNA and mRNA was calculated. For each lncRNA,
we calculate the Pearson Correlation coefficient (https://libguides.
library.kent.edu/SPSS/PearsonCorr) of its expression value with ex-
pression value of each mRNAs. The purpose of Pearson correlation here
is to screen out mRNAs that are significantly co-expressed with lncRNA,
and predict the function of this lncRNA. Each sample (6 samples) is
treated as a separate data point. This calculation can comprehensively
consider the expression relationship between lncRNA and mRNA in all
samples of the experimental group and the control group. In this ana-
lysis, a correlation coefficient< 0.7 represented a negative correlation,
and a value> 0.7 represented a positive correlation (Guttman et al.,
2009). The correlation was considered significant for P values< .05.
GO term and KEGG pathway enrichment analyses were performed for
genes that were co-expressed with the differentially expressed lncRNAs,
using cluster Profiler 3.0.1 in R (available at http://www.bioconductor.

org/packages/release/bioc/html/clusterProfiler.html). We used the
hypergeometric cumulative distribution function to calculate the en-
richment of functional terms in the annotations associated with the co-
expressed mRNAs. The False Discovery rate was calculated using a
standard method (Storey, 2002). The enriched functional terms were
used to predict functions for the lncRNAs.

2.8. Cis-regulation of lncRNAs

Many lncRNAs regulate their own transcription, as well as that of
nearby genes, by recruiting remodeling factors to local chromatin
(Guenzl and Barlow, 2012). We identified regions that are potentially
subject to this type of cis-regulation using the following criteria: for
each lncRNA, we classified mRNAs as “cis-regulated” when: (1) the
mRNAs are encoded within 100 kbp upstream or downstream of a given
lncRNA, (2) the Pearson correlation for lncRNA-mRNA expression is
significant (P-value of correlation ≤0.05).

2.9. Correlation analysis between lncRNAs and transcription factors

After identifying mRNAs that were co-expressed with lncRNAs, we
examined the co-expressed mRNAs to determine if they were known
chromatin regulators or transcription factors (TFs), and then used the

Fig. 1. RABV-infection of SK-N-SH cells. (A) Identification of RABV-infected SK-N-SH cells by IFA using a monoclonal antibody to recognize RABV N. (B) RABV
infection kinetics in SK-N-SH cells. SK-N-SH cells were infected with RABV at a MOI of 1 and were collected at the indicated time points after infection for the
determination of virus titers by TCID50 assays. Mean titers and standard deviations were calculated from three independent experiments.
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Encyclopedia of DNA Elements (ENCODE; www.encodeproject.org) to
identify other genes whose expression might be controlled by the
lncRNAs. Next, we analyzed our microarray data to determine whether
the mRNAs encoding these genes were likely to be trans-regulated by
the lncRNA of interest. Any previously identified co-expressed mRNAs
were excluded from the analysis. The significance of a potential asso-
ciation was assessed using the hypergeometric cumulative distribution

function. Significant lncRNA-TF-mRNA associations were used to con-
struct a regulatory network, which was visualized with Cytoscape 3.3.0
(available at http://www.cytoscape.org/). If a gene is a target for a
given TF, and the TF is co-expressed with a lncRNA, we hypothesize
that the lncRNA is functioning as a trans-regulator for the gene (Gendrel
and Heard, 2014).

2.10. Quantitative reverse transcription–polymerase chain reaction(qRT-
PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen). RT-PCR
primers were designed based on the lncRNA sequences obtained from
the Ensemble, LNCipedia and NCBI databases. The primers were syn-
thesized and purified at Sangon Biotech (Shanghai, China). The RT
reactions were performed using a cDNA synthesis kit (Thermo
Scientific, Wilmington, DE, United States). Real-time PCR was per-
formed using the Roche LightCycler® 480. The qPCR cycle was 98 °C for
2min, followed by 45 cycles at 95 °C for 15 s and 60 °C for 30 s. A final
melting curve analysis (60–95 °C) was included. The lncRNA PCR re-
sults were quantified using the 2-ΔΔct method, normalized to GAPDH.
The data represent the means of three independent experiments.

2.11. Statistical analysis

All results are expressed as means± SEM. Statistical analysis was
performed using GraphPad Prism 6 (GraphPad Software, San Diego, CA,
USA). Differences were analyzed for statistical significance using a two-
sided unpaired t-test for two groups or multiple comparison one-way of
variance (ANOVA) for more than two groups (Bonferroni's multiple
comparison test, P < .05).

3. Results

3.1. Proliferation of RABV strain CVS-11 in SK-N-SH cells

To determine the kinetics of RABV propagation in the human neu-
roblastoma cell line SK-N-SH, virus titers were measured and infection
effects were examined at different time points after infection. Cells were
infected at a MOI of 1 and then monitored at 12, 24, 36 and 48 h post-
infection (hpi) using indirect immunofluorescence assays (IFAs). SK-N-
SH cells infected by RABV were stained using a monoclonal antibody
against the RABV N protein. As shown in Fig. 1A, the majority of cells
were RABV-positive at 24 hpi. Relying on the Reed-Muench method, we

Fig. 2. Expression of lncRNAs in RABV-infected and mock-infected SK-N-SH
cells. Heat map showing clustered expression profiles for differentially ex-
pressed LncRNAs. All expression values represent combined results obtained
from three microarrays. Blue represents down-regulated genes and red re-
presents up-regulated genes. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 1
The top 20 upregulated lncRNA between RABV infected group and the Mock group.

Rank Target ID Database Fold change Regulatio n Chromosom al location

1 NONHSAT132573 NONCODE 23.238184 up chr9
2 NONHSAT078622 NONCODE 13.416413 up chr20
3 NONHSAT029216 NONCODE 8.765436 up chr12
4 NONHSAT099045 NONCODE 8.75728 up chr4
5 ENST00000438538 Ensemble 7.3308783 up chr7
6 NONHSAT054767 NONCODE 6.872569 up chr17
7 NONHSAT060898 NONCODE 6.0850997 up chr19
8 NONHSAT106312 NONCODE 5.0581746 up chr6
9 NONHSAT087325 NONCODE 3.7543898 up chr22
10 NONHSAT092812 NONCODE 3.6754699 up chr3
11 ENST00000595404 Ensemble 3.5006924 up chr19
12 NONHSAT081892 NONCODE 3.3876865 up chr21
13 NONHSAT122024 NONCODE 3.3634706 up chr7
14 NONHSAT093065 NONCODE 3.2995589 up chr3
15 NONHSAT030858 NONCODE 3.2606556 up chr12
16 NONHSAT130225 NONCODE 3.2210333 up chr9
17 NONHSAT116255 NONCODE 3.1240776 up chr6
18 NONHSAT097554 NONCODE 3.0822 up chr4
19 NONHSAT071754 NONCODE 3.0350766 up chr2
20 NONHSAT001268 NONCODE 3.0267425 up chr1
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used TCID50 assays to generate a one-step growth curve for CVS-11 in
SK-N-SH cells. As shown in Fig. 1B, virus titers gradually trended up-
ward as the infection progressed, and at 24 hpi titers reached 104.68

TCID50/mL. Based on these results, we therefore selected the early stage
of infection (under 24 h) for lncRNA and mRNA expression analysis in
our microarray experiment

3.2. RABV infection alters the lncRNA and mRNA expression profile in SK-
N-SH cells

To determine whether RABV infection affects expression of lncRNAs
in human neuroblastoma cells, microarray analyses were performed to
compare expression in CVS-11-infected and uninfected SK-N-SH cells.
lncRNAs were classified as differentially expressed if they exhibited
more than a 1.5-fold change in expression (P < 0.05). Among the
differentially expressed lncRNAs, levels of 497 lncRNAs increased (i.e.,
levels were higher in infected cells), and 399 lncRNAs decreased (levels
were lower in infected cells). The result of a hierarchical clustering
analysis for all differentially expressed lncRNAs is shown in Fig. 2. The
20 lncRNAs exhibiting the most increased and decreased values are
listed in Tables 1 and 2, respectively. Taken together, these results in-
dicate that levels of individual lncRNAs are affected during RABV in-
fection.

Because the microarray array includes 32,776 probes that can detect
up to 13,664 mRNAs, we were able to identify differentially expressed

Table 2
The top 20 downregulated lncRNA between RABV infected group and the Mock group.

Rank Target ID Database Fold change Regulation Chromosomal Location

1 NONHSAT023581 NONCODE 4.8019395 down chr11
2 NONHSAT081237 NONCODE 4.616764 down chr21
3 NONHSAT121083 NONCODE 4.437275 down chr7
4 NONHSAT067247 NONCODE 4.4165244 down chr19
5 NONHSAT063914 NONCODE 3.4673083 down chr19
6 ENST00000520314 Ensemble 3.3106384 down chr12
7 NONHSAT006925 NONCODE 3.2039769 down chr1
8 lnc-SOD1-10:1 LNCipedia 3.101424 down chr21
9 NONHSAT115074 NONCODE 3.086726 down chr6
10 NONHSAT063907 NONCODE 3.044938 down chr19
11 NONHSAT139113 NONCODE 2.9804058 down chrX
12 NONHSAT063916 NONCODE 2.9208074 down chr19
13 NONHSAT089839 NONCODE 2.8861518 down chr3
14 NONHSAT105227 NONCODE 2.7553966 down chr5
15 NONHSAT055917 NONCODE 2.7237532 down chr17
16 NONHSAT115533 NONCODE 2.7222123 down chr6
17 NONHSAT023299 NONCODE 2.6433136 down chr11
18 NONHSAT036297 NONCODE 2.6040115 down chr14
19 ENST00000607804.1 Ensemble 2.583365 down chr5
20 ENST00000596763 Ensemble 2.560574 down chr19

Table 3
The top 20 differentially expressed mRNA between RABV infected group and
the Mock group. Positive value and negative of fold change indicated upregu-
lation and downregulation, respectively. P-value calculated from t-test and
statistical significance was defined as P<0.05.

Rank GeneID GeneSymbol Fold change Regulation

1 3303 HSPA1A 11.51535 Up
2 3304 HSPA1B 10.47574 Up
3 1958 EGR1 5.846022 Up
4 3434 IFIT1 5.074105 Up
5 51059 FAM135B 4.505088 Down
6 10673 TNFSF13B 4.424401 Up
7 79623 GALNT14 4.390206 Down
8 467 ATF3 3.994602 Up
9 10964 IFI44L 3.923585 Up
10 11013 TMSB15A 3.906712 Down
11 84618 NT5C1A 3.827048 Down
12 90102 PHLDB2 3.733078 Up
13 2246 FGF1 3.708205 Up
14 467 ATF3 3.496056 Up
15 1E+08 DNM1P35 3.437155 Down
16 4616 GADD45B 3.396232 Up
17 11174 ADAMTS6 3.39552 Up
18 57713 SFMBT2 3.273099 Down
19 2353 FOS 3.215419 Up
20 8935 SKAP2 3.146802 Up

Table 4
Primers designed for quantitative real-time PCR.

Target ID Forward primer (5'-3') Reverse primer (5'-3')

TNFSF13B GCGGGACTGAAAATCTTTGAAC GCACTTCCCCTTTTAAAGCTG
IF144L ACAGAGCCAAATGATTCCCTATG TCGATAAACGACACACCAGTTG
EGR1 CAGCACCTTCAACCCTCAG AGTCGAGTGGTTTGGCTG
GALNT14 CACTGCTGGTGTATTGCACG CGGATCAGATGCGTAGGGG
TMSB15A TCGGAAGTGGAGAAGTTTGAC TCGAAATCTGCTGTTGGGAG
GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA
NONHSAT130225 ACAATATCTGAGGAAAGAGCAGG CTCATATCCTCTATTTGACCGCTC
NONHSAT078622 CTGTTCCCTCTTGGTTAGTCC GTGGTAGTCTAGGCAATGGTG
NONHSAT013547 TTTGAGGAGGGAGGAGAGTG GGGTAAGAGAAGGCAAGTAATG
ENST00000438538 GAATCTGGAACAGCGGTGGA CGATGCCTTTGTCTTCTTGAGC
NRAV GATGGTGCCGAATGTCTTCT TGTTGCTCTTTCCGTTCCTT
LINC-PINT GAACGAGGCAAGGAGCTAAA AGCAAGGCAGAGAAACTCCA
NONHSAT063914 CTATTCAACGTCCTCCACCTC TGCGACCTTGGCTCACTG
NR_126448 CACAGGAAAGATTGCGACTTC TTCTGCTTCCCGAGTTCAAG
lnc-SOD1-10:1 ATTGGGTTGTGGCAAGCGGA ACGAGTGATGGGGGAGGGGG
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mRNAs (> 1.5-fold change; P < .05) in the same microarray experi-
ment. 198 mRNAs decreased in abundance in RABV-infected cells,
while 391 mRNAs exhibited increased levels. The 20 mRNAs exhibiting
the largest fold changes are listed in Table 3.

3.3. Confirmation of RNA expression levels by qRT-PCR

To validate the expression levels determined using microarrays, 9
lncRNAs were selected for analysis by qRT-PCR (NONHSAT130225,
NONHSAT078622, NONHSAT013547, ENST00000438538, NRAV,
LINC-PINT, NONHSAT063914, NR_126448, and lnc-SOD1-10:1) along
with 5 mRNAs (TNFSF13B, IF144L, EGR1, GALNT14, and TMSB15A).
Specific primers (Table 4) were designed to amplify each target. The
results showed that the lncRNAs and mRNAs had expression levels in
RABV-infected cells consistent with those determined by microarray
analysis (Fig. 3).

3.4. GO and KEGG pathway analyses of differentially expressed RNAs

Differentially expressed mRNAs were subjected to GO enrichment
analysis to identify potential biological functions. Fig. 5 shows the re-
sults of the analysis for mRNAs that were down-regulated and up-
regulated in RABV-infected SK-N-SH cells in biological process (BP)
(Fig. 4). For mRNAs that increased in abundance, the top 3 enriched
terms in the GO BP category were type I interferon signaling pathway,
response to virus, and response to unfolded protein (Fig. 4A). For
mRNAs that decreased in abundance, regulation of neuron migration
(Fig. 4B), neuronal cell body (Fig. S1B), and core promoter binding
(Fig. S2B) were the most enriched GO terms in the BP, cellular com-
ponent(CC) and molecular function(MF) categories, respectively. The
three most enriched terms in the CC category were focal adhesion,
endoplasmic reticulum chaperone complex, and endocytic vesicle
lumen (Fig. S1A). Finally, within the MF category, the top three terms
were integrin binding, unfolded protein binding, and C3HC4-type RING
finger domain binding (Fig. S2A).

To investigate biological pathways related to differentially

Fig. 3. Validation of microarray data using quantitative real-time PCR.
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expressed mRNAs, KEGG Pathway analysis was performed. We found
that the down-regulated mRNAs were associated with several enriched
signaling pathways including “Protein processing in endoplasmic

reticulum”, “Antigen processing and presentation”, “MAPK signaling
pathway”, and “Pancreatic cancer” (Fig. 5A). The up-regulated mRNAs
were associated with “Influenza A” and “Estrogen signaling pathway”

Fig. 4. GO analysis of differentially expressed mRNAs. GO terms for up-regulated (A) and down-regulated (B) genes, ranked by P-value. The statistical criteria in the
analysis were P < .05 and FDR<0.05. Only terms with the highest P-values are shown.
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(Fig.5B).
The results of the GO analysis and KEGG pathway analysis suggest

that RABV infection regulates the interferon response, protein folding,
and other signaling pathways.

3.5. lncRNA-mRNA co-expression analysis and prediction of lncRNA
function

896 lncRNAs were co-expressed with 579 mRNAs. In order to

Fig. 5. KEGG pathway analysis of differentially expressed mRNAs. Pathways for upregulated genes (A) and downregulated genes (B), ranked by P-value. Only
pathways with the highest P-values are shown.
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explore the correlation between them, we constructed a lncRNA-mRNA
co-expression network based on a correlation analysis. The complete
results are listed in (Supplemental Table 1). LncRNA functions were
predicted using the KEGG pathway annotations and GO terms for the
co-expressed mRNAs. To reflect the overall situation of the difference in
the distribution of lncRNAs function in the experiment, we select the
reliability prediction terms (according to the P-value and enrichment).
As shown in Fig. 6A, 117 lncRNAs clustered into the DNA repair
pathway. All KEGG enrichment results are listed in (Supplemental
Table 2). 74 lncRNAs clustered into DNA replication in the GO Process
category (Fig.6B). All GO enrichment results are listed in (Supplemental
Table 3).

3.6. Cis-regulation of lncRNAs

To explore whether lncRNAs might function as cis-regulatory fac-
tors, we examined their co-expressed mRNAs to determine whether the
respective lncRNA- and mRNA-encoding genes were in close proximity
(100 kbp). 28 lncRNAs were predicted to participate cis-regulation
(Table 5). One of the potential cis targets, Hsp90, is associated with
cellular processes during RABV infection. We recently reported that
RABV infection increase expression of Hsp90, and Hsp90 maintains
viral P protein stability by preventing protein degradation (Xu et al.,
2016). The functions of the other candidate cis gene targets have not
been determined.

3.7. Trans-regulation of lncRNAs

When examining lncRNA function, “trans” regulatory mechanisms

that affect chromatin, transcription, or other processes must be con-
sidered (Bassett et al., 2014). As a step in this direction, co-expressed
lncRNA-mRNA pairs were examined to identify mRNAs that encode
known transcription factors. A complete list of TF-lncRNA pairs is
shown in Supplemental Table 4. Because the number of TF-lncRNA
pairs is so large (> 3700), it is not practical to generate a network di-
rectly from this data. To simplify the network, we selected the top 100
pairs (ranked by P-value; see Supplemental Table 5) to generate a core
network map (shown in Fig. 7A). Most of the predicted trans-regulatory
lncRNAs participate in pathways regulated by the TFs E2F4, TAF7,
KAT2A, TBP, POU2F2, and BCLAF1. The top 100 co-expressed gene
pairs were also used to construct a lncRNA-TF-mRNA network (see
Supplemental Table 6). The network structure, shown in Fig. 8B, sug-
gests that the TFs E2F4, and TAF7, along with ten lncRNAs are tran-
scriptional regulators that play important roles in various signal path-
ways (Fig. 7B).

4. Discussion

Although gene and protein expression has been extensively studied
in cells infected by RABV, it is not clear how host regulatory mechan-
isms affect RABV replication and infection. However, growing evidence
suggests that lncRNAs are involved in the virus life cycle and may
modulate viral infection. For example, in response to infection by ve-
sicular stomatitis virus, lncRNA-ACOD1 is induced (Wang et al.,
2017b). The same lncRNA appears after infection by Sendai virus,
vaccinia virus, and herpes simplex virus type 1. lncRNA-ACOD1 directly
binds glutamic-oxaloacetic transaminase (GOT2) near the substrate
niche, enhancing its catalytic activity and thereby promoting viral

Fig. 6. Functional predictions for lncRNAs. (A) LncRNA functions inferred using KEGG pathways. The x-coordinate shows the number of unique LncRNAs enriched in
each pathway. ID and description are shown on the y-axis. (B) LncRNA functions inferred using GO process terms. The x-coordinate shows the number of unique
LncRNAs enriched in each ID and description are shown on the y-axis.
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infection (Wang et al., 2017b). The lncRNA NEAT1 inhibits HIV re-
plication by suppressing the export of Rev-dependent instability ele-
ment (INS)-containing HIV-1 mRNAs from the nucleus to the cytoplasm
(Zhang et al., 2013a). NEAT1 also modulates the innate immune re-
sponse against Hantaan virus infection by acting as a positive feedback
for RIG-I signaling (Ma et al., 2017). LncRNA-BISPR is up-regulated in
response to IFN in different cell lines, and regulates the expression of
the antiviral factor BST2 (Barriocanal et al., 2015). Finally, lincRNA-
COX2, lncRNA-NRAV, NEAT1, and other lncRNAs are involved in the
regulation of the immune response (Imamura et al., 2014; Carpenter
et al., 2013; Kambara et al., 2014; Ouyang et al., 2014).

Here, we report the first evidence that RABV infection regulates the
expression of lncRNAs in the human neuroblastoma cell line SK-N-SH,
widely used in studying the host response to RABV. We found that 896
lncRNA and 579 mRNA transcripts are differentially expressed. Because
many lncRNAs have been identified as modulators in virus-induced host
immune and inflammatory responses, we predict that these lncRNAs
play crucial roles in regulating the immune response to RABV, although
understanding the mechanisms by which they exert their effects will
require further exploration.

Interestingly, we found that NRAV, a lncRNA that is markedly
down-regulated during infection with influenza A virus (IAV) and
several other viruses (Ouyang et al., 2014), is up-regulated in response
to RABV (Fig.4A). NRAV is also up-regulated in HuH7 cells after in-
fection by Ebola virus and Marburg virus (Holzer et al., 2016). The
discrepancies in these expression patterns may be due to host cell and
virus differences. Since NRAV plays a key role in regulating antiviral
innate immunity via the suppression of interferon-stimulated gene
transcription during IAV infection (Ouyang et al., 2014), it is possible
that it affects RABV proliferation. We also observed that lncRNA lnc-
KLF14–2:4, which has been designated Linc-PINT by other

investigators, is up-regulated in RABV-infected SK-N-SH cells. Linc-
PINT is regulated by p53 and inhibits tumor cell invasion by reducing
the invasive phenotype of cancer cells (Marin-Bejar et al., 2017; Marin-
Bejar et al., 2013). It is therefore another promising candidate for future
investigation.

To explore the potential functions of lncRNAs, GO term enrichment
and KEGG pathway analyses were conducted to characterize the co-
expressed mRNAs. The up-regulated lncRNAs were significantly asso-
ciated with type I interferon signaling, response to virus, and response
to unfolded protein. These results are consistent with reports that in-
terferon-stimulated genes are also stimulated in RABV-infected BV2
cells (Zhao et al., 2013). The most enriched pathways for the up-
regulated lncRNAs included protein processing in endoplasmic re-
ticulum, antigen processing and presentation, and MAPK signaling
pathway. We reported previously that the MAPK signaling pathway is
involved in CASP2-dependent autophagy during RABV infection (Liu
et al., 2017). In contrast, the GO terms core promoter binding, neuronal
cell body, and regulation of neuron migration were enriched for the
down-regulated lncRNAs. Intriguingly, upregulated mRNAs show en-
richment in many cancer-related pathways, meaning that these genes,
as previously reported tumor-related genes, may play a role in immune
and inflammatory responses (Munoz-Fontela et al., 2016).

The co-expression relationships were obtained by network con-
struction based on differentially expressed mRNAs and differentially
expressed lncRNAs in RABV infection (Supplemental Table 1). Among
these co-expressed relationships, we found that the given lncRNA can
be co-expressed with many mRNAs, suggesting that a lncRNA may be
regulated by many mRNAs. And, functional prediction based on co-
expression analysis provided valuable resources for lncRNA research
(Supplemental Table 2 & Supplemental Table 3). Taking an example of
lncRNA_NR_038854, known as NRAV, we firstly calculated co-

Table 5
“Cis” genes of aberrant lncRNAs.

lncRNA ID mRNA gene symbol p-value Pearson correlation cis_distance

ENST00000520314 LOC102724747 0.0015 0.968 2251
NR_045612 ZNF391 0.022 0.877 75945
lnc_AIF1_3_7 LST1 0.005 0.942 48314
lnc_AIF1_3_7 TNF 0.034 0.846 58850
lnc_AIF1_3_7 LY6G5B 0.021 0.878 34839
lnc_ANXA1_5_1 ANXA1 0.01 0.917 1270
lnc_AP2A1_1_1 CPT1C 0.0028 0.956 96296
lnc_C5orf47_4_1 HMP19 0.00024 0.987 44322
lnc_CETP_1_2 HERPUD1 0.0017 0.966 2503
lnc_CETP_3_1 HERPUD1 0.0013 0.97 1684
lnc_CYB561D2_3_1 LSMEM2 0.0075 0.929 78547
lnc_DBF4_2_1 ADAM22 0.0027 0.957 20438
lnc_FRY_1_1 FRY 0.049 0.814 43838
lnc_GABPA_10_1 JAM2 0.0047 0.944 73320
lnc_GLI2_6_1 GLI2 0.04 0.831 40363
lnc_HIST1H4A_1_1 HIST1H4C 0.005 0.941 60130
lnc_HIST1H4A_1_1 HIST1H3A 0.015 0.899 23339
lnc_HIST1H4A_1_1 HIST1H4A 0.024 0.871 22039
lnc_LLGL2_3_5 TSEN54 0.0094 0.92 82553
lnc_MYO18B_3_2 ADRBK2 0.00046 0.982 84326
lnc_PDCD1LG2_3_2 PDCD1LG2 0.0015 0.968 94542
lnc_PDCD1LG2_3_2 CD274 0.00031 0.986 5160
lnc_PDE7B_5_1 MYB 7.90E-

05
0.993 15198

lnc_PEAR1_1_1 NTRK1 0.031 0.853 56082
lnc_PFKM_1_4 TMEM106C 0.03 0.854 3210
lnc_PHOSPHO2_1_1 PHOSPHO2_KLHL23 0.016 0.894 8149
lnc_PLEKHG1_2_1 MTHFD1L 0.031 0.854 82663
lnc_PPIA_4_2 ZMIZ2 0.04 0.833 3738
lnc_RP11_366K18.3.1_1_1 TRIM55 0.0064 0.934 2930
lnc_RP11_366K18.3.1_2_1 TRIM55 0.0049 0.942 22584
lnc_TDG_2_1 HSP90B1 0.047 0.818 15637
lnc_TMEM132A_1_2 ZP1 0.025 0.868 49892
lnc_TMEM132A_1_2 TMEM132A 0.016 0.894 11445
lnc_TMEM184C_1_1 EDNRA 0.00012 0.991 37911
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Fig. 7. Co-expression network consisting of lncRNAs, mRNAs and transcription factors (TFs). (A) lncRNA-TF network. Blue nodes are transcription factors, and the
red nodes are LncRNAs. Node size is proportional to the number of connected edges. (B) lncRNA-mRNA-TF network. Blue nodes are transcription factors, and red
nodes are LncRNAs. Target genes are represented by green nodes. Node size is directly proportional to the number of connected edges. The relationship between the
thickness and the statistical result is proportional to the number of times. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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expressed mRNAs for lncRNA_NR_038854, and then we conduct a
functional enrichment analysis of this set of co-expressed mRNAs. The
enriched functional terms of KEGG including: Influenza A, MAPK sig-
naling pathway, Protein processing in endoplasmic reticulum, and so
on. This result was consistent with previous report (Ouyang et al.,
2014). However, the correlations between expression of lncRNAs and
mRNAs are based on replicates of only two conditions and need more
data points for future validation.

Functions for putative trans-regulatory lncRNAs were inferred from
the TFs that were co-expressed with them. The structure of the core
regulatory network suggests that the lncRNAs are regulated by E2F4
and TAF7. E2F4 (an E2F TF family member) is probably a repressor of
transcription. The many E2F4 targets in the genome potentially reg-
ulate the cell cycle, DNA damage repair, apoptosis, mRNA processing,
and ubiquitination. lncRNA-GAS5 promotes bladder cancer cell apop-
tosis by interacting with E2F4 and recruiting E2F4 to the EZH2 pro-
moter, thereby directly inhibiting EZH2 transcription (Wang et al.,
2018). Additional research will be necessary to determine how E2F4
and its associated lncRNAs are involved in pathogenesis of RABV in-
fection. As part of the TFIID complex, TAF7 helps to recruit RNA
polymerase II and other factors to class II promoters, and is necessary
for transcription from these promoters (Gegonne et al., 2008). Expres-
sion of TAF7-dependent mRNAs is greatly diminished during poliovirus
infection, and TAF7 controls the transcription of a series of interferon-
induced proteins such as IFIT1, IFIT2, and ISG15 (Doukas and Sarnow,
2011).

In conclusion, differentially expressed lncRNAs were identified in
RABV-infected SK-N-SH cells. lncRNA functions were tentatively as-
signed using annotations associated with the co-expressed mRNAs,
using GO, KEGG, and other sources. Despite the fact that only a limited
number of differentially expressed lncRNAs could be characterized
using this method, the results help to illuminate RABV pathogenesis and
the host response. Additional studies will be necessary to confirm the
roles played by these lncRNAs, and may lead to novel approaches for
preventing and treating rabies.
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