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Abstract
Background The uterus of an animal is relatively easily infected by pathogenic microorganisms, which
can cause serious reproductive disorders and economic loss to animal husbandry. The presence of long
noncoding RNA (lncRNA) is closely related to many diseases. Poly(I:C) is a synthetic double-stranded
RNA that is often used as a substitute for dsRNA viral infection. In this study, we analyzed the mRNA and
lncRNA expression pro�les of in vitro cultured rabbit endometrial stromal cells (ESCs) after poly(I:C)-
induction, to explore the role of these RNAs in the immune response.

Results We identi�ed 10,927 lncRNAs and 20,494 mRNAs, of which 291 lncRNAs and 1311 mRNAs were
signi�cantly differentially expressed (DE) between the control and poly(I:C) groups ( p <0.05). GO and
KEGG analysis showed that DE genes and target genes of DE lncRNAs were enriched in relation to the
occurrence of various diseases, development of tissues and organs, metabolic processes, and the
immune response. Moreover, these genes were also enriched in many pathways related to immune and
in�ammatory responses, such as the toll-like receptor and the NF-κB and Jak-STAT signaling pathways.
Co-expression analysis of lncRNA and mRNA revealed that there were signi�cant relationships between a
number of lncRNAs including MSTRG.153189.1, MSTRG.102664.8, MSTRG.39626.1, MSTRG.68469.1,
MSTRG.137189.4, MSTRG.32118.5 and MSTRG.76080.1, and the immune system genes, CCL2, CCL5, IL-
1, IL-6, IFN and ISG15, which suggested that lncRNAs in ESCs might be involved in regulation of the
immune response to poly(I:C) through genes related to immune signaling pathways.

Conclusions Our results provide both transcriptomic and epigenetic insights into the immune response of
uterine cells to dsRNA virus infection. Comprehensive lncRNA and mRNA transcriptomes in rabbit ESCs
exposed to poly(I:C) were pro�led. Co-expression analysis identi�ed an integrated lncRNA-mRNA
interaction network, implying that key genes or lncRNAs exerted critical in�uences on the immune
response to virus infection.

Introduction
As the most important part of the reproductive system, the uterus plays a vital role in animal husbandry.
Although the endometrial lining of the uterus has a built-in defense mechanism to deal with microbial
invasion, the organ is still very vulnerable to pathogens that can cause serious reproductive disorders. In
addition to bacteria, viruses constitute a major threat to the reproductive system and the overall health of
an animal. In vivo and in vitro studies have shown that intrauterine viral infection can cause not only
metritis and endometritis, but also infertility, miscarriage, premature birth, and death of mothers and
babies. Viral infections with pathogens such as herpes virus[1–3], Zika virus (ZIKV)[4], hepatitis E virus
(HEV) [5, 6], and bovine viral diarrhea virus (BVDV) [7, 8] result in huge economic losses for livestock
raisers, dairymen and ranchers. Therefore, it is very important to study the mechanism of the immune and
in�ammatory response to viral infection in utero or in vitro with cultured uterine cells.
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Long non-coding RNAs (lncRNAs) are transcripts longer than 200 nucleotides with little or no identi�able
protein-coding potential [9, 10]. Recent studies have shown that the expression level of lncRNAs changed
in response to virus infection, and the expression characteristics of lncRNAs were closely related to
disease development. For example, infection with porcine reproductive and respiratory syndrome virus
(PRRSV) caused changes to a large number of mRNAs and lncRNAs in porcine alveolar macrophages
(PAMs), including a signi�cant down-regulation of genes involved in IFN-related signaling pathways, pro-
in�ammatory cytokines and chemokines, phagocytosis, and antigen processing and presentation,
indicating aberrant functioning of PAMs [11]. Recent evidence indicates that lncRNAs regulate gene
transcription and translation, and can change the characteristics of related proteins by interacting with
DNA, RNA or protein molecules [12–14]. For example, lncRNA#32 binds to activating transcription factor
2 (ATF2) and positively regulates the host antiviral response, thus inhibiting EMCV replication and
hepatitis virus infection [15]. However, lncRNA NRAV acts as a negative regulator of the antiviral response
by inhibiting transcription of multiple ISGs [16]. In vivo, silencing of lncRNA-ACOD1 signi�cantly
attenuated viral infection through IFN/IRF3-independent pathways. Cytoplasmic lncRNA-ACOD1 directly
bound to the metabolic enzyme, glutamic-oxaloacetic transaminase (GOT2), near the substrate niche,
enhancing its catalytic activity and promoting viral replication [17]. These �ndings implied that the
differential expression of lncRNAs and mRNAs played an important part in viral infection and in
regulating the host response.

Double-stranded RNA (dsRNA) viruses comprise a large group of RNA viruses with a wide range of hosts,
ranging from bacteria, fungi, and protozoa to higher animals and plants. Poly(I:C) is a synthetic dsRNA
that is often used as a stand-in for RNA virus infection in studies of pathogenesis[18]. After exposure to
poly(I:C), TLR3 recruits a unique connector molecule with a TIR domain-containing adaptor inducing
interferon-β (TRIF) via its own toll/interleukin-1 receptor domain (TIR) [19]. This involves the recruitment
of TNF receptor-associated factor 6 (TRAF6) or receptor-interacting protein 1 (RIP1), TAK1 and IKK,
followed by activation of the transcription factors, NF-κB and AP-1, which promote expression of
in�ammatory factors and chemokines such as TNF-α, IL-6 and CXCL10 [20]. TRIF induces the expression
of type I IFN and related genes by recruiting TRAF3 to activate IRF3 and IRF7 [21, 22]. TLR3-de�cient mice
showed signi�cantly attenuated poly(I:C)-induced production of type I IFNs and in�ammatory cytokines,
and signi�cantly resisted poly(I:C)-induced death [23, 24]. In addition, retinoic acid-inducible gene 1 (RIG-
1) and melanoma differentiation-associated gene-5 (MDA5) also speci�cally recognized poly(I:C) [25, 26].

RNA-seq technology has been widely used in transcriptome research, for determining the global
expression pro�les of mRNA or lncRNA in cultured cells or animals after induction [27–29]. The objective
of this study was to assess the global expression pro�les of lncRNA and mRNA in endometrial stromal
cells (ESCs) of rabbits after simulated dsRNA virus infection with poly(I:C), and to understand how the
interaction of lncRNA-mRNA in�uences the uterine immune response.

Results

Overview of RNA sequencing



Page 5/26

After quality control, we obtained a total of 100.94 Gb of clean sequencing data. The clean data from
each sample averaged 16.06 Gb, and the Q30 base percentage was not less than 92.40%. The mapping
rate of each sample to the Oryctolagus cuniculus reference genome: OryCun2.0
(https://www.ncbi.nlm.nih.gov/assembly/GCF_000003625.3) ranged from 89.33–90.47% (Table 1).

Table 1
Summary of quality control and mapping for each sample.

Sample
name

C1 C2 C3 P1 P2 P3

Clean reads 112594520 117210132 107419948 114902272 113400908 109847732

Clean bases 16.82G 17.53G 16.06G 17.17G 16.96G 16.40G

GC
content(%)

54.68 53.92 53.39 53.88 53.44 53.05

Q30(%) 93 93.69 92.6 92.4 92.45 93.1

Mapped
Reads

100583279
(89.33%)

105509450
(90.02%)

96423061
(89.76%)

103822985
(90.36%)

102171743
(90.10%)

99376004
(90.47%)

C1,C2,C3, were from control group; P1,P2 and P3 samples were from the poly(I:C) group

Identi�cation and characterization of mRNAs and lncRNAs
We discovered 20,494 genes, including 4138 new genes (Table S1). A total of 10,927 lncRNAs were also
identi�ed using the CNCI, CPAT, CPC and PFAM software (Table S2), including 6029 lncRNAs, 1753
antisense lncRNAs, 2307 intronic lncRNAs, and 838 sense lncRNAs (Fig. 1). In addition, we compared
length, exon number, and open reading frame (ORF) length in mRNAs and lncRNAs. As shown in Fig. 2,
the average length and ORF length of mRNAs were signi�cantly greater than for lncRNAs. The average
number of exons in the mRNAs was larger than that in the lncRNAs, and the mRNAs contained a wider
range of exons from one to thirty, whereas many lncRNAs had only two or three exons.

Differential expression analysis of mRNA and lncRNA
With fold-change ≥ 2.0 and FDR < 0.05 as the screening criteria, we found a total of 1311 mRNAs that
were differentially expressed between the control group and the poly(I:C) group, including 1043 up-
regulated mRNAs and 268 down-regulated mRNAs (Table S3). Among the lncRNAs, 291 were
differentially expressed–233 up-regulated and 58 down-regulated (Table S4). The volcano plot showed
DE lncRNAs and mRNAs (Fig. 3).

GO and KEGG enrichment analysis of DE genes
The identi�ed DE genes were signi�cantly enriched into 132 GO items (p < 0.05) (Fig. 4A). In biological
processes, the most signi�cantly enriched items included protein autophosphorylation (GO:0046777),
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peptidyl-tyrosine phosphorylation (GO:0018108), regulation of MAPK cascade (GO:0043408),
transmembrane receptor protein tyrosine kinase signaling pathway (GO:0007169) and inactivation of
MAPKK activity (GO:0051389). In addition, the immune response, interferon-gamma response and
regulation of JNK cascade were also signi�cantly enriched in GO. With regard to cellular components, the
top �ve items were plasma membranes (GO: 0005886), receptor complexes (GO: 0043235), cellular parts
(GO: 0044464), cytosolic parts (GO:0044445) and the COP9 signalosome (GO:0008180). For molecular
function, the top �ve items included insulin-like growth factor binding (GO: 0005520), transmembrane
receptor protein tyrosine kinase activity (GO:0004714), nucleotide binding (GO: 0000166), protein tyrosine
kinase activity (GO:0004713) and insulin-like growth factor I binding (GO:0031994) (Table S5).

To further elucidate the function of the differentially expressed genes, we performed KEGG pathway
analysis. A total of 258 KEGG pathways were enriched, of which 31 pathways were signi�cantly enriched
(p < 0.05), such as the toll-like receptor signaling pathway (ko04620), the NF-κB signaling pathway
(ko04064), TNF signaling pathway (ko04668), RIG-I-like receptor signaling pathway (ko04622), NOD-like
receptor signaling pathway (ko04621), cytokine-cytokine receptor interaction (ko04060), and the
chemokine signaling pathway (ko04062) (Table S6). Figure 5A shows the top twenty signi�cantly
enriched KEGG pathways for DE mRNAs.

Target genes and functional analysis of DE lncRNAs
We attempted to identify the targets of the DE lncRNAs and to determine their function. The results
showed that there were 26 cis-target genes in 27 lncRNAs and 1297 trans-target genes in 291 lncRNAs
(Table S7). GO enrichment analysis showed that the target genes of DE lncRNAs were enriched in 2727
GO items, and signi�cantly enriched in 124 GO items (p < 0.05), involving processes such as immune
responses (GO:0002285; GO:0002822), regulation of the MAPK cascade (GO:0043408), regulation of the
JNK cascade (GO:0046328), signal transduction (GO:0007165), and negative regulation of cell death
(GO:0060548) (Fig. 4B) (Table S8). In addition, KEGG analysis showed that 299 KEGG pathways were
enriched, and nine pathways were signi�cantly enriched: response to HTLV-I infection (ko05166),
glycosaminoglycan biosynthesis-chondroitin sulfate/dermatan sulfate (ko00532), endocytosis
(ko04144), endocrine resistance (ko01522), Huntington's disease (ko05016), response to salmonella
infection (ko05132), N-glycan biosynthesis (ko00510), the TNF signaling pathway (ko04668), and viral
carcinogenesis (ko05203) (Table S9). Figure 5B gives the top twenty enriched KEGG pathways for the
target genes of DE lncRNAs.

LncRNA-mRNA network analysis
We selected seven lncRNAs and their target genes to construct a co-expression network to identify the
interaction between DE lncRNA and mRNA (Fig. 6). Among the enriched signaling pathways, we selected
relevant genes and lncRNAs in viral infection pathways such as RIG-1, toll-like receptor, NOD-like receptor,
PI3K-Akt, MAPK, NF-κB, and Jak-STAT. Interestingly, these seven lncRNAs regulate many immune-related
factors, such as pro-in�ammatory cytokines (TNF-α/IL-1/IL-6), chemokines (CCL5/CXCL8), interferons
(IFN-α/β) and interferon-stimulated genes (ISG15).
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qRT-PCR validation of lncRNA and mRNA related to the
immune response
The expression levels of seven candidate lncRNAs and their twelve targeted DE genes were determined by
qRT-PCR (Fig. 7). The results were consistent with the RNA-seq data, which suggested that poly(I:C)
induced the co-expression network through the interaction between DE lncRNAs and mRNAs in ESCs, and
that the RNA-seq data were reliable.

Discussion
Intrauterine virus infection has caused signi�cant economic loss for those engaged in animal husbandry.
Double-stranded viral RNA is produced in the life cycle of most viruses and serves as a PAMP in the viral
recognition pathway. Virus infection is a complex biological process that is regulated by coordinated
genes, including coding genes and non-coding RNA. Although some lncRNAs and mRNAs have been
proven to play a role in viral infection, there has been no comprehensive investigation. In this study,
rabbits were selected as experimental models and poly(I:C) was used as the virus mimic. RNA-seq
technology was used for the �rst time to comprehensively and systematically analyze lncRNAs and
mRNAs in poly(I:C)-treated ESCs.

We detected 20,494 mRNAs and 10,927 lncRNAs in ESCs of rabbits. Among them, we found that many
genes were involved in the development and regulation of uterine function, such as PTGS2, TGFβ1,
RDH10, SLC5A1, SMAD2, GDF9, FSHβ. Retinol dehydrogenase 10 (RDH10) is a key enzyme for vitamin A
metabolism and is essential for embryonic patterning, morphogenesis and survival [30]. In addition, TGF-
β1 (transforming growth factor-beta 1) is abundantly expressed in the endometrium and secreted into the
uterine �uid to regulate uterine function [31]. Growth and differentiation factor 9 (GDF9) is secreted by
oocytes and plays a leading role in the control of ovarian function in reproduction [32]. The lncRNA,
MSTRG.259847.2, cis-regulates its target gene, SMAD2, which is an important regulator of pituitary
function and reproduction that interacts with GDF9 and FSHβ to affect FSH synthesis [33]. We also
identi�ed new mRNAs and new lncRNAs in large numbers, which may provide insights into their function
during viral infection. We also found 1311 DE mRNAs and 291 DE lncRNAs before and after poly(I:C)
induction, and the number of up-regulated genes was much larger than the number of down-regulated
genes, indicating that more mRNAs and lncRNAs were activated after infection.

LncRNA not only regulates the expression of adjacent protein-coding genes by cis-regulation [34, 35], but
also the expression of genes on other chromosomes by trans-regulation [36, 37]. Our results showed 26
cis- and 1297 trans-regulatory sites. The DE regulatory lncRNAs produced by virus invasion, the host cell
antiviral immune response, and by apoptosis could be useful as disease biomarkers or as potential
therapeutic targets [38]. Compared with the control group, we found that MSTRG.92782.1 (log2FC = 
12.37) and MSTRG.101521.9 (log2FC = -10.26) were the most signi�cantly up-regulated and down-
regulated lncRNAs after poly(I:C) treatment. A total of 671 target genes of MSTRG.92782.1 were found
and all of them were trans-regulated, �ve trans-regulated target genes of MSTRG.101521.9 were also
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identi�ed, which may have functions in the infection process. Prostaglandins (PGs) are involved in
reproductive processes, such as ovulation, fertilization, embryo development and early implantation [39].
PTGS2 is a rate-limiting enzyme in prostaglandin synthesis and a key enzyme regulating PG synthesis
during corpus luteum dissolution and embryo implantation [40]. In our results, PTGS2 expression was
signi�cantly up-regulated by 62 different lncRNAs, indicating that lncRNAs may regulate the endometrial
secretory function by promoting prostaglandin production after exposure to poly(I:C).

We also performed functional analysis of DE mRNAs and lncRNAs. GO analysis showed that the target
genes were involved in many biological processes, such as the development of various tissues and
organs, regulation of the MAPK cascade, regulation of the JNK cascade, the immune response, signal
transduction and metabolism. KEGG pathway analysis showed that differential target genes of lncRNAs
were signi�cantly enriched in the TNF signaling pathway, the toll-like receptor signaling pathway, the
NOD-like receptor signaling pathway, and the NF-κB signaling pathway. In this study, the cis- and trans-
targeted genes of seven DE lncRNAs were used to predict their potential roles in the regulation of the
immune response triggered by poly(I:C). Combined with DE genes related to viral infection, we
constructed an interaction network involving seven DE lncRNAs and 78 trans-target genes, mainly
involving PI3K-Akt, toll-like receptors, RIG-I-like receptor, NOD-like receptor, MAPK, NF-κB, and the Jak-
STAT signaling pathway. This revealed the potential function of DE-lncRNAs and mRNAs in viral
regulation and the host’s immune response.

We next explored the role of these seven lncRNAs and their corresponding target genes in uterine
infection and the immune response. Viral proliferation in cells triggers immediate (innate) and delayed
(adaptive) immune responses [41, 42]. In this study, many proven immune genes were identi�ed, such as
the cytokines, IL-1β and IL-6, and the chemokines, CCL5 and CCL2 [43]. The seven veri�ed lncRNAs
targeted several different cytokines and chemokines that promoted or inhibited the antiviral response.
Continued expression of these molecules could lead to pathological effects [44, 45] as their expression
pattern changed in response to infection. Cytokines mainly regulate the in�ammatory response and
increase the adhesion of neutrophils to vascular endothelium, resulting in an in�ux of polymorphonuclear
(PMN) cells and macrophages into the uterus [46]. The delicate balance between pro-in�ammatory
cytokines and anti-in�ammatory cytokines plays a key role in pathogen clearance [47, 48]; however, we
did not detect any changes in expression of typical anti-in�ammatory cytokines such as IL-4, IL-10 and IL-
13. There is su�cient evidence to show a signi�cant correlation between pro-in�ammatory cytokines and
the severity and persistence of uterine infections [49–51]. The body's immune response is maintained in
balance, but virus invasion can easily break the balance. We hypothesized that changes in key immune-
related molecules may be responsible for the development of uterine infections. The expressions of
lncRNAs are regulated by time, space, developmental stage and multiple genes [52, 53]. This
characteristic of lncRNAs coincides with the dynamic changes in the development of the immune system,
the rapid response to external antigens or invading pathogens, and the preservation of immune
homeostasis. Better control of the in�ammatory response may be bene�cial for resistance to viral
infection, and lncRNA could be a target in this process.



Page 9/26

IFN-α/β production after viral infection is one of the main innate responses to the virus and also can
enhance the adaptive immune response to the virus. IFN-α and -β are pleiotropic cytokines, which can
antagonize the virus by inducing the expression of antiviral proteins [54, 55], including IFN-stimulated
gene 15 (ISG15), 2', 5'-oligoadenylate synthetase 1 (OAS1), and MxGTPase 1 (MX1) as the best
characterized examples [56]. These proteins amplify antiviral signals, degrade viral RNA and block viral
mRNA transcription respectively [57–59]. Our results showed that poly(I:C) signi�cantly increased these
antiviral proteins, which may be related to the host response to viral infection. In our interaction results,
MSTRG.102664.8 was signi�cantly up-regulated and its trans-target gene IFN-β was also up-regulated,
indicating that MSTRG.102664.8 may play a role in the production of downstream antiviral factors
through up-regulation of IFN-β expression. After poly(I:C) stimulation, ISG15 increased signi�cantly and
the corresponding MSTRG.102664.8, MSTRG.137189.4, MSTRG.39626.1, MSTRG.68469.1 increased
signi�cantly; but, MSTRG.153189.1 decreased signi�cantly, indicating that ISG15 was regulated by
multiple lncRNAs at the same time. LncRNAs play an important regulatory role in the �ght between virus
and host, involving the transcription of virus and host genes, stability and translation of mRNAs and the
antiviral response of the host [60, 61].

Conclusions
In this study, we screened many newly predicted and differentially expressed lncRNAs and mRNAs, and
analyzed their functions. Through co-expression network analysis, we identi�ed several hub genes that
may play pivotal roles in the in�ammatory response to viral infection and found seven DE lncRNAs that
were strongly related to these hub protein genes. Moreover, they were also enriched in pathways related to
immune and in�ammatory responses, such as toll-like receptor signaling pathways, the NF-κB signaling
pathway and the Jak-STAT signaling pathway. We expect that the DE mRNAs and lncRNAs identi�ed in
this study will provide valuable transcriptomic and epigenetic insights into the mechanism of the innate
immune response to dsRNA virus infection.

Materials And Methods

Culture and treatment of ESCs
Rabbit ESCs were cultured and treated according to previously published methods from this laboratory
(Figure S1). The puri�ed ESCs were stimulated with 0 or 10 µg/ml of poly(I:C) for 6 h. Experiments were
repeated three times. The control group samples were named C1, C2, C3, and the samples in the poly(I:C)
treatment group were P1, P2, and P3.

Total RNA extraction, library construction, and RNA-seq
The cells were washed three times with sterile PBS, and total RNA was extracted using Trizol reagent
(Invitrogen, Carlsbad, CA, USA). RNA degradation and contamination were monitored on 1.5% agarose
gels. RNA purity and concentration were measured using a NanoDrop 2000 spectrophotometer (Thermo
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Fisher Scienti�c, Wilmington, DE, USA) and the Agilent Bioanalyzer 2100 system (Agilent Technologies,
Santa Clara, CA, USA) was used to detect RNA integrity.

A total of 1.5 µg RNA per sample was used as input material for rRNA removal using the Ribo-Zero rRNA
removal kit (Epicentre, Madison, WI, USA). Sequencing libraries were generated using the NEBNextR Ultra™
Directional RNA Library Prep Kit for IlluminaR (NEB, Ipswich, MA, USA) following manufacturer’s
recommendations, and index codes were added to attribute sequences to each sample. In order to select
insert fragments of preferentially 150–200 bp in length, the library fragments were puri�ed with AMPure
XP Beads (Beckman Coulter, Beverly, MA, USA). Then 3 µl USER Enzyme (NEB, Ipswich, MA, USA) was
added to size-selected, adaptor-ligated cDNA at 37 °C for 15 min before PCR. PCR was performed with
Phusion High-Fidelity DNA polymerase, universal PCR primers and Index(X) Primer. After ampli�cation,
PCR products were puri�ed (AMPure XP system) and library quality was assessed using the Agilent
Bioanalyzer 2100 and qPCR. The library preparations were sequenced by Illumina Hiseq 2000 platform.

Quality analysis, mapping, and transcriptome assembly
Clean data (clean reads) were obtained from raw data by removing reads containing adapters, reads
containing poly-N and low quality reads. All the downstream analyses were based on clean data with
high quality. The transcriptome was assembled using the StringTie (v1.3.1) software on the reads
mapped to the reference genome. Sequence alignment and subsequent analysis was performed using
the designated reference genome of Oryctolagus cuniculus
(http//:www.OryCun2.0_NCBI.Oryctolagus_cuniculus.OryCun2.0_NCBI.genome.fa.)Clean reads were
mapped to the Oryctolagus cuniculus genome sequence with HISAT2. The mapped reads of each sample
were assembled by StringTie [62].

Identi�cation of mRNA and lncRNA
Based on the selected reference genome sequence, mapped reads were spliced using StringTie (v1.3.1)
software, and compared with the original genomic annotation information to �nd the original
unannotated transcribed region and to discover new transcripts and new genes of the species to
supplement and improve the original genome annotation information. The sequences in which the
encoded peptide chain was too short (< 50 amino acids) or contained only a single exon were �ltered out.

The assembled transcript was annotated with the gffcompare program to complement and re�ne the
original genomic annotation information. The unknown transcripts were used to screen for putative
lncRNAs. Four computational approaches include CPC2/CNCI/ Pfam/CPAT were combined to sort non-
protein coding RNA candidates from putative protein-coding RNAs in the unknown transcripts. Putative
protein-coding RNAs were �ltered out using a minimum length and exon number threshold. Transcripts
longer than 200 nt with more than two exons were selected as lncRNA candidates and further screened
using CPC2/CNCI/Pfam/CPAT. The different types of lncRNAs, including lincRNA, intronic lncRNA, anti-
sense lncRNA, and sense lncRNA, were selected using cuffcompare (v2.1.1) software.
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Expression level and difference analysis of mRNA and
lncRNA
StringTie (v1.3.1) was used to calculate FPKMs of both lncRNAs and coding genes in each sample.
FPKM (fragments per kilobase of exon per million fragments mapped) was calculated based on the
length of the fragments and reads count-mapped to each fragment. Differential expression analysis of
two groups was performed using the DESeq R package (v1.10.1). The mRNAs and lncRNAs with fold
change (FC) ≥ 2 and false discovery rate (FDR) < 0.05 were considered to show signi�cant differential
expression.

Prediction of lncRNA target genes
The adjacent genes in the range of 100 kb upstream and downstream of lncRNA were used as the cis-
target genes. The correlation between lncRNA and mRNA was analyzed by Pearson correlation coe�cient
method, and the genes with absolute value of correlation > 0.9 and signi�cant at p < 0.01 were used as
trans-target genes.

GO and KEGG enrichment analysis
Gene ontology (GO) enrichment analysis of the differentially expressed (DE) genes was implemented by
using the top GO R packages and was categorized into biological processes, cellular components, and
molecular function. We used KOBAS software to test the statistical enrichment of DE genes in the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways.

LncRNA-mRNA network analysis
To understand the relationship between lncRNAs and their related mRNAs, we performed a co-expression
analysis on the differentially expressed lncRNAs and mRNAs. The key pathways with signi�cant
differences in KEGG pathway were screened out, and CytoScape 3.3.0 was used to visualize the
interaction network of lncRNA and mRNA.

qRT-PCR veri�cation
Reverse transcription reactions of mRNA and lncRNA were performed using the Prime Script™ RT reagent
kit (Takara, Dalian, China) and InRcute lncRNA First-StrandcDNA Synthesis Kit (Tiangen, Beijing, China),
respectively, according to the instructions of the kit. SYBR Premix Ex Taq II (Takara, Dalian, China) was
used for the expression of mRNA, and InRcute lncRNA qPCR Kit (Tiangen, Beijing, China)was used for the
expression of lncRNA, qRT-PCR was performed on a CFX 96 Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA).The reaction conditions were as follows: pre-denaturated at 95 °C for 30 s,
denaturated at 95 °C for 30 s, annealed at 60 °C for 30 s for 40 cycles. Dissolution curve analysis was
performed after ampli�cation: 95 °C for 10 s, and 65 °C for 1 s. Thereafter, starting from 65 °C, each cycle
temperature was increased by 0.5 °C for 1 s. Primer information is shown in Table 2.
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Table 2
Primers of qRT-PCR and product size.

mRNAs and lncRNAs Primer sequence (5'-3') Product size (bp)

IL-1β F:AAGAAGAACCCGTCCTCTGCAACA
R: TCAGCTCATACGTGCCAGACAACA

97

IL-6 F: CTGAAGACGACCACGATCCA
R: AAGGACACCCGCACTCCAT

97

TLR3 F: GAACAGAATCAGCAATAGG
R: AGTGAAGTGAGGGACACAC

211

TRIM69 F: TCTCCGATGCTGTCCGTTTC
R: GTACGCAGCAATAGCGTCCT

119

IRF7 F: TCGACTTCAGCACCTTCTTCCAAG
R: TGACCAGGACCAGGCTCTTGTC

141

OASL F: AGCCGACCTATGAAACTGAAGA
R:AGGGCGTATTTGGAGGGTAA

107

OAS2 F: GAACCTACTGGTGACGTGGG
R: GGGTGCTCTGTGGCTGTATT

199

TNF F: CTCCTACCCGAACAAGGTCA
R: CGGTCACCCTTCTCCAACT

138

CCL5 F: CCTCGCCGTCCTCCTCACC
R: GCGGGAGATGTAGGCAAAGCAG

100

CCL17 F: GCTGGTGTCGTGGCTTGTAACC
R: GTCTTGGCAGGCGTCTGATGG

95

CXCL16 F: GCAGCCGCCACCACTTTCG
R: ACCCACGCACTCCCACACG

141

ISG20 F: ACCTAAGAGGGCTGGGACAT
R: TGCCATGAGCTTTGGTGACT

105

MSTRG.153189.1 F: GACTCCCCAGGCTACAAACTT
R: GCACCACAGAGGAACAAGAC

100

MSTRG.102664.8 F: ATTAGGTACTTGCAGGGCCA
R: CCACGTTTGTCCAAGAGCAG

117

MSTRG.39626.1 F: ACGTGTGTAGCAGGAGCATC
R: GCGTAGAGACTGGTCCACAA

171

MSTRG.68469.1 F: AAGACGAGTGTGCTCTGCAA
R: TGGCTCAGCAGAAATGGTATGT

155

MSTRG.137189.4 F: CACACAGGAGCGAGAGAGTC
R: AACCGTGTCGCACTTGAAGA

154
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mRNAs and lncRNAs Primer sequence (5'-3') Product size (bp)

MSTRG.32118.5 F: CTGCCCTTGCGTTCATCCAT
R: TGATGGCCTGGAGGTGAGTT

117

MSTRG.76080.1 F: TCCATCCCAGCCTCCTACAA
R: ACAGTTGCAGGCTCAGGTTT

246

Statistical analysis
All data were expressed as the means ± standard error of the mean (SEM). The statistical differences
were analyzed using the SPSS (v20.0, IBM, Chicago, IL, USA) by independent-samples t test. p < 0.05 was
considered statistically signi�cant.
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Figures

Figure 1

LncRNA classi�cation of ESCs. The identi�ed lncRNAs were divided into four types: intergenic lncRNA,
antisense lncRNA, sense lncRNA and intronic lncRNA.
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Figure 2

characterization of lncRNA and mRNA. (A) Length statistics of lncRNA and mRNA. The abscissa is the
length, and the ordinate is the number of lncRNAs and mRNAs whose length is distributed within this
range. (B) Statistics on the ORF length of lncRNAs and mRNAs. The abscissa is the ORF length and the
ordinate is the number of lncRNAs and mRNAs. (C) Exon number of lncRNA and mRNA. The abscissa is
the number of exons, and the ordinate is the number of corresponding lncRNAs and mRNAs.
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Figure 3

Analysis of differentially expressed mRNAs and lncRNAs. (A) The volcano plot of DE mRNAs. (B) The
volcano plot of DE lncRNA. Green dots represent down-regulated mRNA or lncRNA, red dots represent up-
regulated mRNA or lncRNA, and black dots represent non-differentiated mRNA or lncRNA.
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Figure 4

GO analysis. (A) GO analysis of DE mRNAs. (B) GO analysis of target genes of DE-lncRNAs. Abscissa,
Enrichment score; ordinate, GO terms. BP, biological process; CC, cellular component; MF, molecular
function.
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Figure 5

KEGG enrichment analysis. Scatter plot of the top 20 KEGG pathways enriched for DE mRNAs (A) and
target genes of DE lncRNAs (B) in ESCs. The abscissa is the enrichment factor and the ordinate is the
enrichment pathway. Each circle represents a KEGG pathway, the color of the circle represents the q value
(corrected p value), and the size represents the number of genes enriched in the pathway.
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Figure 6

Interaction network of seven lncRNAs and their 78 targeted genes enriched in immune response
pathways.
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Figure 7

Validation of differentially expressed mRNAs and lncRNAs by RT-qPCR. (A) RT-qPCR validation of mRNA
expression changes between control group and poly(I:C) group. (B) RT-qPCR validation of lncRNA
expression changes between control group and poly(I:C) group. RT-qPCR data were calculated by the
2−ΔΔCt method with GAPDH as internal control. *p< 0.05, **p< 0.01.



Page 26/26

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

TableS6.KEGGenrichment.xlsx

TableS7TargetgenesofDElncRNAs.xlsx

TableS3.DEmRNAs.xlsx

TableS2.SequenceoftotallncRNAs.xlsx

TableS5.GOofmRNA.xlsx

TableS8.GOofDElncRNAs.xlsx

FigureS1.jpg

TableS9KEGGofDElncRNAs.xlsx

TableS4.DElncRNAs.xlsx

https://assets.researchsquare.com/files/04b191f1-0e94-4bff-8bdf-679bae97e2db/v1/Table%20S6.%20KEGG%20enrichment.xlsx
https://assets.researchsquare.com/files/04b191f1-0e94-4bff-8bdf-679bae97e2db/v1/Table%20S7%20Target%20genes%20of%20DE%20lncRNAs.xlsx
https://assets.researchsquare.com/files/04b191f1-0e94-4bff-8bdf-679bae97e2db/v1/Table%20S3.%20DE%20mRNAs.xlsx
https://assets.researchsquare.com/files/04b191f1-0e94-4bff-8bdf-679bae97e2db/v1/Table%20S2.%20Sequence%20of%20total%20lncRNAs.xlsx
https://assets.researchsquare.com/files/04b191f1-0e94-4bff-8bdf-679bae97e2db/v1/Table%20S5.%20GO%20of%20mRNA.xlsx
https://assets.researchsquare.com/files/04b191f1-0e94-4bff-8bdf-679bae97e2db/v1/Table%20S8.%20GO%20of%20DE%20lncRNAs%20.xlsx
https://assets.researchsquare.com/files/04b191f1-0e94-4bff-8bdf-679bae97e2db/v1/Figure%20S1.jpg
https://assets.researchsquare.com/files/04b191f1-0e94-4bff-8bdf-679bae97e2db/v1/Table%20S9%20KEGG%20of%20DE%20lncRNAs.xlsx
https://assets.researchsquare.com/files/04b191f1-0e94-4bff-8bdf-679bae97e2db/v1/Table%20S4.%20DE%20lncRNAs%20.xlsx

