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Abstract. MicroRNAs (miRNAs) are 22-nucleotide 
single-stranded RNAs which regulate gene expression by 
targeting 3' untranslated regions. Previous studies have 
suggested that miRNAs may be used as markers for inves-
tigating the molecular regulation of gene expression. In 
the present study, miRNA and mRNA expression profiles 
were investigated using a massively parallel next genera-
tion sequencing technique to compare herpes simplex virus 
(HSV)2-infected (n=3) and healthy (n=3) epithelial tissues 
from guinea pigs. Total RNA was isolated and RNA 
sequencing was performed using a HiSeq 2000 sequencing 
system. Differential expression of miRNA and mRNA was 
analyzed using two-tailed t-tests. A negative correlation was 
detected between the miRNAs and their predicted target 
genes. Following infection with HSV2, 205 and 159 miRNAs 
were demonstrated to be upregulated and downregulated, 
respectively. These differentially expressed miRNAs were 
associated with cellular and metabolic processes, biological 
regulation, response to stimuli and cellular components of the 
immune system, as determined by functional gene ontology 
analysis. Following HSV2 infection, 6 upregulated miRNAs 
including miR-592, miR-1245b-5p, miR-150, miR-342-5p, 
miR-1245b-3p and miR-124 were demonstrated to participate 
in the toll-like receptor (TLR) pathway by targeting related 
genes. These results suggested that the downregulated genes 
were associated with the TLR pathway after infection with 
HSV2. The results of reverse transcription-quantitative poly-
merase chain reaction analysis were consistent with RNA 

sequencing, indicating that the increased expression of these 
miRNAs downregulated the TLR pathway-associated genes, 
which may mediate the progression of HSV2-induced genital 
herpes. 

Introduction

Genital herpes is a common infection caused by herpes 
simplex virus (HSV), which is prevalent worldwide (1). As 
a ubiquitous enveloped virus, HSV is capable of transmit-
ting through mucosal membranes and migrating into nerve 
tissues to induce prolonged infection (2). Two types of HSV 
have been described, including HSV-1 and HSV2, which are 
found in the trigeminal and lumbosacral ganglia, respectively, 
and have been demonstrated to infect orofacial areas and 
the genital tract (2). The worldwide prevalence of HSV2 has 
significantly increased since the late 1970s and incidence 
rates amongst adults are ~30% in the US (3). HSV infections 
are predominantly treated with antiviral drugs, including 
acyclovir, valacycolovir, famciclovir and penciclovir (4,5). 
Previous studies have suggested that both humoral and cellular 
immune responses are activated in response to HSV infec-
tion (6-8); and the recurrence of HSV has been associated with 
the depression of cellular immune responses in a guinea pig 
model of HSV (9,10), as demonstrated by HSV‑specific T cells 
following HSV challenge (9). Furthermore, HSV‑specific Th1 
type CD41 T cells have also been demonstrated to contribute 
to immune defences against HSV infection (11,12); although 
the levels of the HSV‑specific antibodies are not sufficient to 
prevent HSV-induced central nervous system damage (13).

Transcriptome studies have been used to investigate 
pathogen infection, and previous studies have demonstrated 
that noncoding microRNA (miRNA) have an important role in 
the immune response to pathogen infection (14,15). miRNAs, 
which are composed of ~22 nucleotides, regulate post-tran-
scriptional gene silencing by selectively targeting mRNA in 
the 3' untranslated region. Since a single miRNA is capable 
of regulating various genes, and it has been estimated that 
>60% of protein-coding genes are regulated by miRNA (16), 
miRNAs are regarded as potential markers for the investiga-
tion of coordinated gene expression. 
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To the best of our knowledge, the present study was the 
first to investigate whether miRNA expression profiles differ 
between normal and HSV2-infected tissues. Next-generation 
sequencing (NGS) was used to examine mRNA and miRNA 
expression profiles in guinea pigs following infection with 
HSV2. NGS provides unprecedented analysis of the expression 
levels of miRNAs and mRNAs. Compared with chromatin 
immunoprecipitation, the NGS platform facilitates the 
comparison of expression levels differences and can be used 
to locate novel miRNAs. Therefore, in the present study, NGS 
was used to elucidate miRNA-mRNA regulation following 
HSV2 infection in guinea pigs.

Thus, the current study aimed to investigate the gene 
expression and miRNA changes in HSV2-infected tissues, and  
to develop novel diagnostic criteria for HSV2 infection.

Materials and methods

Animals and virus. Animal experimental procedures were 
approved by the Animal Ethical Committee of Hunan 
University of Chinese Medicine (Changsha, China). Female 
Dunkin-Hartley guinea pigs (n=3 per group; age, 4 weeks;  
weight, 326.21±3.69 g; Jingfeng Laboratory Animal Breeding 
Co., Ltd., Jinan, China) were maintained in the Animal Culture 
Center at Hunan University of Chinese Medicine. The guinea 
pigs were maintained in 23˚C, 50% humidity, with a 12‑h 
dark:light cycle, and fed commercial diets at dawn and dusk 
from Sangon Biotech Co., Ltd. (Shanghai, China). Water was 
supplied using sipper tubes (Sangon Biotech Co., Ltd.). HSV2 
strains were isolated from patients at the Hunan University of 
Chinese Medicine Affiliated Hospital. DNA sequencing was 
used to determine the virus stain as HSV2 SAV.

Construction of a guinea pig model of genital herpes. Prior to 
modeling, the guinea-pig vulva was cleaned with physiological 
saline. A total of 0.1 ml HSV-2 SAV (1%) was injected into the 
vagina (depth, 3-4 cm) of each guinea pig. Successful establish-
ment of the guinea pig model of genital herpes via infection 
with HSV2 was confirmed after 7 days by polymerase chain 
reaction (PCR) and clinical characterization. Disease course 
was scored from 0-6 using a composite scale based on the 
clinical characterization of vaginitis, as follows: 0, no symptom 
of infection; 1, small vesicles on the vulva; 2, 10-50% of the 
vulva covered by vesicles; 3, 50-100% of the vulva covered 
by vesicles; 4, 10-50% of the vulva covered by small ulcers; 
5, 50-100% of the vulva covered by severe ulcers; and 6, hind 
limb paralysis or mortality (17). Guinea pigs scoring 4 were 
used in the present study. Epithelial tissues were excised from 
the vulvae of guinea pigs in the control and infection groups 
(n=3 each) to perform the following experiments.

RNA extraction. Samples were homogenized by using a 
mortar and pestle with liquid nitrogen. Total RNA was 
extracted using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) according to the 
manufacturer's protocol and was subsequently digested 
with DNase I (Qiagen, Inc., Valencia, CA, USA) to remove 
any remaining DNA. RNA integrity was assessed using an 
Agilent BioAnalyzer 2100 (Agilent Technologies, Inc., Santa 
Clara, CA, USA). 

RNA‑sequencing (seq) and data analysis. Library prepara-
tion and sequencing was performed by the Beijing Genomics 
Institute (BGI; Shenzhen, China). Six libraries were 
constructed and RNA-seq was performed using an Illumina 
Hiseq 2000 sequencing system (Illumina, Inc., San Diego, 
CA, USA). Raw data were filtered in order to remove low 
quality base and adapter sequences. Reads were mapped to 
the human genome (ftp://ftp.ensembl.org/pub/release-84/
fasta/homo_sapiens/dna/) using TopHat and Cufflinks 
software (version 2.2.1;  http://cole-trapnell-lab.github.io/
cufflinks/). In order to compare differential expression levels, 
the ̔significance of digital gene expression profiles̓ method 
was used, as developed by the BGI (18). The false discovery 
rate (FDR) was controlled by adjusting the P-value with a 
Benjamini‑Hochberg algorithm (19). Significant differences 
between the infection and control groups were assessed by 
Student's t-test or the paired t-test. Fold changes in expression 
levels were calculated using fragments per kilobase of exon 
model per million mapped reads using a DEGseq package in R 
(version 2.15.1; www.r-project.org). 

Small RNA sequence and data analysis. Small RNAs were 
isolated and miRNA libraries were prepared using a TruSeq 
Small RNA Sample Prep kit (version 2; Illumina, Inc.), 
prior to sequencing on a HiSeq 2000 sequencer. Illumina 
HiSeq Control Software (version 2.0.12), Real-Time Analysis 
(version 1.12.4.2), and Consensus Assessment of Sequence 
And Variation (version 1.8.2; all Illumnia, Inc.) software 
were employed to process the raw data. Differential expres-
sion levels of miRNA were calculated and standardized to 
reads per million, as follows: Counts/total count of each 
sample x 1 million.

Interaction between mRNA and miRNA. Associations between 
the expression levels of mRNA and miRNA were estimated by 
correlation coefficient R analysis. miRNA‑mRNA pairs were 
identified by these correlations and mRNA-miRNA interaction 
was analyzed using miRBase targets from the Wellcome Trust 
Sanger Institute (http://www.ebi.ac.uk/enright-srv/microcosm/
htdocs/targets/v5/).

Functional gene ontology (GO) analysis. GO term enrichment 
was performed for the 573 target genes of the differentially 
expressed miRNAs using Blast2go software (version 3.0; 
www.blast2go.com). Default Blast2go parameters were used 
and only GO terms with P<0.001 were included in the present 
study. 

Identif ication of miRNA‑mRNA interaction with the 
toll‑ like receptors (TLRs) pathway. Associat ions 
b e t we en  t he  m i R NAs  a nd  t he  T L R pa t hway 
were  ana lyzed using CluePed ia  (version 1.1.7; 
http://apps.cytoscape.org/apps/cluepedia) and miRBase. 
miRNA-mRNA pairs among the TLR pathway-related genes 
were investigated and miRNA-mRNA connections were 
plotted using R (version 2.15.1; www.r-project.org).

Reverse transcription‑quantitative PCR (RT‑qPCR). 
Vulval epithelial samples were harvested from healthy and 
HSV2-infected guinea pigs (n=3 per group). Following total 
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RNA isolation, cDNA were synthesized using a PrimeScript 
RT reagent kit with gDNA Eraser (Takara Biotechnology 
Co., Ltd., Dalian, China). Taqman miRNAs and mRNAs 
primers were purchased from Applied Biosystems (Thermo 
Fisher Scientific, Inc.). qPCR was performed on an ABI 7500 
Real-Time PCR system (Applied Biosystems) to a total 
reaction volume of 50 µl, including SYBR Premix Ex Taq, 
according to the manufacturer's protocol. The reaction 
mixture contained TaqMan PCR, 5.5 µl SYBR Premix Ex Taq 
(Applied Biosystems), 0.5 µl primers and probes mix (Applied 
Biosystems), and 4.5 µl cDNA (1/20 dilution of cDNA). PCR 
thermal cycling was performed as follows: 1 cycle of 94˚C 
for 2 min, followed by 40 cycles of 94˚C for 30 sec, 60˚C for 
30 sec and 72˚C for 45 sec, and 72˚C for 5 min for 1 cycle. The 
primers were as follows: Forward, 5'-GCA TGT TGT TTT CCC 
CACAAA-3' and reverse, 5'-CTG CAG TGC TGA CTG AAA 
CATTC-3' for TLR1; forward, 5'-GAC TAG CAA CTC CTT TGC 
CTCAGT-3' and reverse, 5'-CCA CCC TTC GGA GCATCA-3' 
for TLR3; forward, 5'-CAG CTT TCC TGG CAA TTGACT-3' 
and reverse, 5'-CGA CAT CTT CCC TGG ATGCT-3' for TLR5; 
forward, 5'-GGC AAA GTG GGC GAGATG-3' and reverse, 
5'-GCT CTG CGT TTT GTC GAAGAC-3 for TLR9; forward, 
5'-CAC TTG GCA CGA CAC CTACAA-3' and reverse, 5'-CCT 
GGG CCA GCA TTCTCA-3' for TRAF6; forward, 5'-CAG 
GAC GCC ATA GAC CACTCA-3' and reverse, 5'-GGC GAC 
AGT CGA AGTTGGA-3' for TRIF; and forward, 5'-GCA ACC 
CGA GAC AAG ATGGT-3' and reverse, 5'-GCG TCC AAT ACG 
GCC AAAT-3' for GAPDH. Dissociation curve analysis was 
used to verify the generation of single products. GAPDH was 
used as a housekeeping/reference gene, and all reactions were 
repeated three times. Data were analyzed using the ABI 7500 
Prism sequence detection software (Applied Biosystems) and 
the relative expression was calculated using the 2-ΔΔCq method.

Statistical analysis. Statistical analysis was performed using 
SPSS statistical software (version 17.0; SPSS, Inc., Chicago, 
IL, USA The significant difference between the two groups 
was analyzed by one-way analysis of variance using paired 
t-test. Data are expressed as mean ± standard deviation. P<0.05 
was considered as significant difference.

Results

mRNA and miRNA expression profiles. In the present study, 
three healthy and three HSV2-infected guinea pigs were 
investigated. The workflow of the mRNA and miRNA 
analyses employed in the present study is shown in Fig. 1. 
A total of 424 miRNAs and 9,336 genes were sequenced 
and 364 miRNAs and 4,130 genes were identified following 
data filtration and genome annotation (Fig. 2). A total of 
105 miRNAs were upregulated and 141 were downregulated; 
whereas 798 genes were upregulated and 503 were down-
regulated in the HSV2-infected group, as compared with the 
control group. The differential expressions with the greatest 
degrees are listed in Table I. 

GO analysis. Differentially expressed genes and miRNAs 
were assigned GO terms (Fig. 3). The most relevant GO 
terms detected in the present study were ̔cellular process ,̓ 
̔metabolic process ,̓ ̔biological regulation̓ and ̔signalling ;̓ 

whereas several differentially expressed genes were assigned 
into ̔response to stimulus̓ and ̔immune system process̓ 
terms. Similar results were detected in miRNAs and mRNAs 
(Fig. 3A and B). Although the most abundant GO terms for 
the miRNAs assessed in the present study were ̔cellular 
process̓ (24%), ̔metabolic process̓ (21%) and ̔biological 
regulation̓ (13%), the ̔response to stimulus̓ and ̔immune 
system process̓ terms were also associated with several differ-
entially expressed miRNAs (7 and 3%, respectively; Fig. 3B). 
The ̔signalling̓ term was also high and different between 
miRNAs and mRNAs. Expression levels of immune-related 
miRNA and mRNAs are shown in Fig. 4. TLR1, TLR3, 
TLR5, TLR9, tumor necrosis factor receptor-associated factor 
(TRAF)6 and toll/interleukin-1 receptor-domain-containing 
adapter-inducing interferon-β (TRIF), which have been 
demonstrated to be key genes in TLR pathway, were in the 
̔immune system process .̓

Upregulated miRNAs depressed TLR‑associated genes 
following HSV2 infection. It was observed that the TLR 
pathway was downregulated after HSV2 infection, and the 
negative correlation between miRNA and mRNA of these 
genes (Fig. 5A), as demonstrated by RT-qPCR analysis on 
epithelial samples from 10 normal and 10 HPV2-infected 
guinea pigs.. The results demonstrated that the expression 
levels of TLR1, TLR3, TLR5, TLR9, TRAF6 and TRIF 
significantly decreased (P<0.05; Fig. 5B) following infection 
with HSV2; whereas the expression levels of the miRNAs, 
including miR-592, miR-1245b-5p, miR-150, miR-342-5p, 
miR‑1245b‑3p and miR‑124, significantly increased (P<0.05; 
Fig. 5C). 

miRNA‑mRNA interaction. Negative correlations between 
putative miRNA and mRNA pairs were demonstrated (Fig. 5B 
and 5C) and miRNA target prediction was performed. A total 
of 13 miRNA with target genes in the transcriptome data 
were detected (Table II). Among these, 6 miRNA-mRNA 
pairs were demonstrated to be associated with TLR pathways. 
Furthermore, a negative correlation between mRNA and 
miRNA expression levels was detected in these miRNA-mRNA 
pairs (Table III).

Discussion

Previous studies have demonstrated that the abnormal 
expression of immune factors is mediated in HSV1 and 
HSV2-induced genital herpes (7-9). In particular, it has 
been demonstrated that HSV‑specific T cells are triggered 
during HSV challenge (9), and various studies have focused 
on alterations in pro-inflammatory cytokines following 
infection (20-23). Furthermore, alterations in immune 
factor expression levels and hormone-triggered reproductive 
immune in vertebrates have been studied extensively (24-26). 
However, the molecular mechanism of immune dysregula-
tion has not been demonstrated until now. The present study 
focused on mRNA and miRNA expression profiles following 
infection with HSV2. NGS was used to sequence mRNA 
and small RNA in order to elucidate the transcriptome and 
epigenetic alterations in tissues infected with HSV2 genital 
herpes.
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Substantial progress has been made in understanding the 
TLR pathways involved in viral-infected organisms. It has 
previously been established that HSV1 and HSV2 trigger 
the expression of TLRs, which are stimulated by cytokines 
chemokines (21). These effects may be triggered by T- and 
B-cell-mediated immunity (27). It has been reported that 
the stimulation of TLR pathway induces remodeling of the 
lymph node (28). Furthermore, TLR recognition mediates 
the innate response to ensure an effective acquired immune 
response (29). Previous studies have demonstrated that TLR 
agonists could be used as potential therapies to treat pathogen 
infection (21,27). Therefore, novel treatment strategies which 
capitalize on the involvement of the TLR pathway in HSV 
infection are required. 

Previous studies have suggested that both humoral and 
cellular immune responses are activated in response to HSV 
infection (6-8), and the recurrence of HSV has been associated 
with the depression of cellular immune responses in a guinea 

pig model of HSV (9,10). The present study investigated altera-
tions in the expression levels of miRNA and mRNAs associated 
with the TLR pathway in HSV2-infected tissues. The results 
indicated that miR-592, miR-1245b-5p, miR-150, miR-342-5p, 
miR-1245b-3p and miR-124 expression levels were increased 
following infection with HSV2; whereas the following TLR 
pathway-associated genes were downregulated: TLR1, TLR3, 
TLR5, TLR9, TRAF6 and TRIF. These results demonstrated 
that miRNAs may downregulate these TLR pathway-associated 
genes during infection with HSV2. These results are consistent 
with a previous study by Li et al (30), which reported that HSV2 
is capable of stimulating the expression of IL-1, IFN-β, TLR4 
and TLR9 in cervical epithelial cells. There are numerous TLR 
pathway factors associated with various genes, and the present 
study demonstrated that the sequenced genes in this pathway 
were downregulated after infection with HSV2. Therefore, these 
results suggested network regulation of mRNA by miRNA in 
tissues infected with HSV2 genital herpes. NGS was used in 

Table I. Top five upregulated and downregulated miRNAs and 
mRNA following infection with herpes simplex virus 2.

  Log2 
 Names (infection/control) P-value

miRNA
  Upregulated
 miR-325 1.603 0.001
 miR-401 1.618 0.010
 miR-199 2.474 0.003
 miR-195 2.893 0.001
 miR-186 3.363 0.009
  Downregulated
 miR-153 -3.381 0.003
 miR-433 -3.113 0.006
 miR-131 -2.844 0.001
 miR-140-5p -2.456 0.007
 miR-427 -2.127 0.002
mRNA
  Upregulated
 Dars 11.946 0.004
 PHF8 5.085 0.001
 Mdk 4.324 0.001
 Brca1 3.773 0.006
 PPP6C 1.761 0.001
  Downregulated
 CCLC -3.525 0.010
 Acoxl -4.662 0.003
 TGF-β1 -11.552 0.003
 SFXN5 -8.620 0.010
 BCs -3.662 0.001

Dars, Aspartyl-tRNA synthetase; PHF8, PHD Finger Protein 8;  
Mdk, midkine (neurite growth-promoting factor 2); Brca1, breast 
cancer susceptibility gene 1; PPP6C, protein phosphatase 6 catalytic 
subunit; CCLC, chemokine ligands gene; Acoxl, Acyl-CoA oxidase-
like; TGF‑β1, tumor growth factor‑β1; SFXN5: sideroflexin 5; BCs, 
nematode protein-coding gene bcs.
  

Figure 1. Workflow of the miRNA and mRNA analyses in the present study.

Figure 2. Venn plots of sequenced (A) miRNA and (B) mRNA from healthy 
control and  herpes simplex virus 2-infected epithelial tissues harvested from 
guinea pigs.

  A

  B
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the present study to investigate miRNA and mRNA expression 
profiles in the pithelial tissues of healthy and HSV2‑infected 
guinea pigs. NGS technology provides an efficient and low cost 
method for the elucidation of the molecular mechanism under-
lying pathology. In the present study, a network of dysregulated 
miRNAs and target genes was constructed, which demonstrated 
that miR-592 and miR-342-5p share target genes in the TLR 

pathway. However, further studies are required in order to inves-
tigate the underlying mechanisms.

In conclusion, the present study used using NGS to elucidate 
the miRNA and mRNA expression profiles in the epithelial 
tissues of guinea pigs following infection with HSV2. A total 
of 105 and 141 miRNAs were upregulated and downregulated, 
respectively; whereas 798 upregulated and 503 downregulated 

Figure 4. Heatmap of immune-related (A) miRNA and (B) mRNAs  from HSV2-infected and healthy control epithelial tissues harvested from guinea pigs.

Figure 3. Biological processes of sequenced (A) miRNA and (B) mRNA from epithelial tissues in HSV2-infected and healthy control epithelial tissues 
harvested from guinea pigs, as determined by gene ontology analysis.

  A   B

  A   B
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genes were detected. Genes associated with the TLR pathway 
were downregulate, whereas their related miRNAs were highly 
expressed following in guinea pigs HSV2 infection. Enrichment 
analysis of the dysregulated genes demonstrated that biological 
and immune system processes were predominantly affected. 
Therefore, the results of the present study may contribute to the 
understanding of the molecular pathogenesis of HSV2-induced 
genital herpes.
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