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Viral microRNAs are one component of the RNA interference phenomenon generated during viral infection. They were first 
identified in the Herpesviridae family, where they were found to regulate viral mRNA translation. In addition, prior work has 
suggested that Kaposi’s sarcoma-associated herpesvirus (KSHV) is capable of regulating cellular gene transcription by miRNA. 
We demonstrate that a miRNA, hsv1-mir-H27, encoded within the genome of herpes simplex virus 1 (HSV-1), targets the 
mRNA of the cellular transcriptional repressor Kelch-like 24 (KLHL24) that inhibits transcriptional efficiency of viral imme-
diate-early and early genes. The viral miRNA is able to block the expression of KLHL24 in cells infected by HSV-1. Our dis-
covery reveals an effective viral strategy for evading host cell defenses and supporting the efficient replication and prolifera-
tion of HSV-1. 
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MicroRNAs (miRNAs) are a class of short, single-stranded 
RNAs that play a central role in RNA interference.  
MiRNAs of viral origin were first identified in 2004; five 
miRNAs were isolated from human B cells infected with 
the Epstein-Barr virus (EBV) [1]. In recent studies on the 
transcriptional regulatory mechanisms of herpesviruses, 
additional miRNAs have been found to be expressed by 
distinct herpesviruses during infection [2,3]. Herpesviruses, 
which are DNA viruses, have complicated genomic struc-
tures, and a majority of their miRNAs are generated in the 
early stages of infection [4]. These viral miRNAs are capa-
ble of regulating the expression of a number of viral pro- 

teins with transcriptional regulatory roles [5–7]. A study of 
herpes simplex virus 1 (HSV-1), an important member of 
the Herpesviridae family, described a number of miRNAs 
that exhibited distinct functions in either lytic or latent 
HSV-1 infections [8]. In most cases, the genes encoding 
these miRNAs are located in the latency-associated tran-
script (LAT) region [9,10]. These miRNAs bind predomi-
nantly to the 3′-untranslated region (3′-UTR) of immediate 
early (IE) transcripts encoding ICP0, ICP4, and ICP34.5 
and regulate the expression of these viral transcriptional 
regulatory factors [10,11]. In latent HSV-1 and HSV-2 in-
fections, viral miRNAs are present in ganglion cells and 
likely regulate the expression of the LAT gene to maintain 
viral latency or facilitate the re-activation of viral genes 
[8,10,12]. These observations indicate that virally encoded  
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miRNAs are important components of the HSV-1 transcrip-
tional regulatory system, although the mechanisms of such 
regulation are unclear. 

Previous studies on HSV-1 and other herpesviruses have 
revealed that the major functions of viral regulatory mole-
cules that control gene transcription are coupled to interac-
tions with cellular molecules [13]. By perturbing the func-
tions of certain cellular proteins, the virus can greatly facil-
itate its replication [14], and this is presumed to be the case 
with HSV-1 infection [15]. Thus, it is reasonable to specu-
late that an HSV-1-encoded miRNA not only regulates viral 
gene expression but also has the potential to regulate the 
expression of host cell genes as has been demonstrated for 
HCMV miRNA [16]. Although the mechanisms and signif-
icance are not completely understood, it has been suggested 
that herpesviruses are capable of regulating the transcription 
of cellular genes through the RNA interference (RNAi) 
pathway to aid infection. In fact, another Herpesviridae 
family member, Kaposi’s sarcoma-associated herpesvirus 
(KSHV), encodes at least 12 miRNAs that putatively regu-
late the expression of as many as 81 cellular genes, some of 
which, such as thrombospondin, tend to be down-regulated 
over 10-fold by a specific miRNA [17].  

In this report, we describe the predicted structure and 
confirm the expression of an HSV-1-encoded miRNA 
hsv1-mi-H27 that specifically binds to a complementary 
target sequence within the 3′-UTR of the mRNA encoding 
the cellular transcriptional repressor KLHL24 [18]. We fur-
ther demonstrate that decreasing the expression of this tran-
scriptional regulatory protein in infected cells facilitates 
transcription of HSV-1 IE and early genes. Our data provide 
direct evidence for the disruption of the cellular transcrip-
tional regulatory system by an HSV-1 miRNA and establish 
a foundation for further exploration of the molecular mech-
anisms underlying such a viral infection strategy. 

1  Materials and methods 

1.1  Viruses and cells 

African green monkey kidney cells (Vero; ATCC CCL-81), 
human embryo liver cells (L-02), and human fetal fibro-
blasts (KMB-17 Strain) were grown in DMEM medium 
containing 10% bovine serum. Chinese hamster ovary cells 
(CHO; ATCC CCL-61) were grown in F-12 media (Life 
Technologies) with 5% fetal bovine serum (FBS). All cell 
lines were maintained at the Institute of Medical Biology, 
CAMS, Peking Union Medical College. HSV-1 (F strain) 
was grown and titered in Vero cells. 

1.2  Structure analysis and prediction of miRNA 

Based on the whole genome sequence of HSV-1 (F strain) 
provided in GenBank (NC_001806), the defined non-  

encoding region and intron area were scanned using RNA 
structure 3.2 [19] to predict the secondary structures of the 
miRNA precursors encoded by the above genes. The candi-
date hairpin structures that were 70–120 nt in length and 
had <–20 kcal mol–1 minimum free energy (MFE) were 
selected for sequence comparison with all the known 
miRNA sequences in the miRBase database [20,21]. The 
sequences that had potential hairpin structures with high 
similarity to those in the library were selected for further 
analysis of their sequence conservation [5,10]. These can-
didate miRNA molecules with potential localization and 
recognized homology on the same arm of the stem-loop 
structure and with localization on the stem-loop structure 
that differed slightly from recognized homology were char-
acterized [22]. All the candidates miRNAs were compared 
with those identified in the Herpesviridae family except for 
HSV-1 [10], and the selected potential miRNA hairpin se-
quences were chosen as the final candidates after identifica-
tion via Northern blot. 

1.3  Construction of plasmids 

The complete cDNA encoding the cellular protein KLHL- 
24 (KEL) was obtained from human fetal fibroblasts by 
RT-PCR and cloned into pcDNA3.1 (Invitrogen), creating 
pcDNA3-kel. The 5′ sequence (bp 1–210) of the KEL ORF 
was inserted into the vector pGEX-5x-1 (Amersham Bio-
science), and the resulting prokaryotic expression plasmid 
was designated pGEX-kel-N. Plasmids pCAT-α4, pCAT-tk, 
and pCAT-gC were constructed separately by inserting the 
promoter sequences of the HSV-1 α-4, tk, and gC genes, 
respectively, into the pCAT-basic vector (Promega). pSi-
lence-hsv1-mir-H27 was constructed by inserting a 103-bp 
sequence of the hsv1-mir-H27 precursor hairpin (5′-GGA- 
GGGCGGGAGAAGAGGGAAGAAGAGGGGTCGGGA- 
TCCAAAGGACGGACCCAGACCACCTTTGGTTGCA- 
GACCCCTTTCTCCCCCCTCTTCCGAGGCCAGC-3′) 
into the pSilence 4.1 vector (Ambion). pEGFP-KEL-UTR 
was constructed by inserting two copies of the 3′-UTR se-
quence of KEL mRNA into the region between the GFP and 
SV40 poly A sequences in pEGFP-N2 (Invitrogen). 
pEGFP-KEL-UTR/M was constructed by inserting the KEL 
3′-UTR, but the hsv1-mir-H27 target sequence was deleted. 

1.4  Transfection of cells 

Cells were grown in six-well plates to 90% confluence and 
then were transfected with the above plasmids using 
Lipofectamine™ 2000 (Invitrogen) according to the manu-
facturer’s protocol. After a 20 min incubation at room tem-
perature, the transfected cells were supplemented with   
serum-free medium and incubated at 37°C and 5% CO2 for 
6 h before aspirating out the medium and replacing it with 
fresh growth medium. 
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1.5  Western blot analysis 

An antibody against the KEL protein was raised in mice 
immunized with the purified fusion protein GST-kel-N, 
which consists of the N-terminal region of the KEL protein 
expressed in E. coli BL21 from pGEX-kel-N. The infected 
and uninfected cells were isolated by scraping and were 
washed three times with PBS. The cells were then lysed in 
an NP-40-containing buffer (10 mmol L–1 Tris-Cl pH 7.8, 
0.15 mol L–1 NaCl, 1% NP-40, 1 mmol L–1 EDTA, 1 mmol L–1 
PMSF, 1 μg mL–1 aprotinin, 1 μg mL–1 leupeptin) for 1 h at 
4°C, followed by centrifugation at 10000×g for 5 min. The 
proteins in the supernatant were resolved by 12% 
SDS-PAGE and transferred to a nitrocellulose membrane. A 
standard Western blot analysis was conducted using the 
KEL antibody and sheep anti-mouse IgG-HRP as the sec-
ondary antibody for the DAB reaction. A β-actin antibody 
(1:1000 dilution; Beyotime) was used to assess the loading 
constancy.  

1.6  Northern blot analysis 

Vero cells, infected and uninfected with HSV-1, were col-
lected at different time points. Small RNAs were isolated 
using a mirVana™ miRNA isolation kit (Ambion), separat-
ed by 15% denaturing SDS-PAGE and transferred to a ny-
lon membrane. Hybridization was performed according to a 
standard protocol with the following γ-32P-labeled probes: 
P1, 5′-GCGACCGGCAAGTTTCCAAAGCACCCACCT-3′; 
P2, 5′-GGAAGAGGGGGGAGAAAGGGGTCTGCAACC- 
3′; P3, 5′-GGCGGGGGGGGGAGAGGGGGAACTCGTG- 
GG-3′; P Kel, 5′-GAATAGCCAGTGGACCTGCGTGGC- 
CTAGTC-3′; P18s (18S ribosomal RNA), 5′-ACCTAT- 
CAATCTGTCAATCCTGTCCATGTCCGGG-3′; P5s (5S 
ribosomal RNA), and 5′-GTATTCCCAGGCGGTCTCCC- 
ATCCAAGTAC-3′. P18s or P5s is used as a loading con-
trol. 

1.7  Quantitative real-time PCR analysis of viral gene 
expression 

The total RNA from the HSV-1-infected and uninfected 
cells was extracted with TRIzol® (Invitrogen) and reverse- 

transcribed using a Quantscript RT Kit (TIANGEN). The 
cDNA was used as a template for qRT-PCR amplification 
with the following primers: mi-loop primer, 5′- GTCGTA- 
TCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC
GACAAGAGG-3′; u6-loop primer, 5′-GTCGTATCCAGT- 
GCAGGGTCCGAGGTATTCGCACTGGATACGACAAA
AATATG-3′; mi F, 5′-TGGTTGCAGACCCCTTTCTCCC- 
3′; mi R, 5′-GTGCAGGGTCCGAGGT-3′; u6 F, 5′-TGG- 
TTGCAGACCCCTTTCTCCC-3′; u6 R, 5′-GTGCAGGG- 
TCCGAGGT-3′. Information of qRT-PCR primers is in 
Table 1.  

The qRT-PCR assay was performed according to proto-
cols outlined by Applied Biosystems [16] using RealMas-
terMix SYBR Green (TIANGEN) in 25 μL volumes. The 
reactions were run in a 96-well format in an ABI Prism 
7500 with the following conditions: 95°C for 5 min, fol-
lowed by 40 cycles of 95°C for 10 s, 56°C for 10 s, and 
68°C for 40 s. The average Ct values were calculated from 
triplicate reactions. The relative gene expression was calcu-
lated by comparing cycle times for each target PCR. The 
target PCR Ct values were normalized by subtracting the U6 
or β-actin Ct value, which provided the ∆Ct value. The rela-
tive expression level between treatments was then calculat-
ed using the following equation: 

 log(relative quantitative)=log2–(∆C
t sample–∆C

t control) 

1.8  Flow-cytometric detection 

1.8.1  Cell cycle analysis 

Vero cells in six-well plates were transfected with 2 μg 
pcDNA3-kel or pcDNA3, and their cell cycles were syn-
chronized by the “double thymidine block” technique 6 h 
post-transfection. The first block was administered by in-
cluding 2 mmol L–1 thymidine in the culture medium 
(DMEM with 10% FCS, 1% penicillin/streptomycin, 1% 
glutamine) for 15–18 h. The cells were then incubated for 
10 h in fresh medium, followed by 1 s, 18-h block. The me-
dium was exchanged again, and the cells were allowed to 
incubate for an additional 24 h before being collected and 
fixed on ice for 30 min using 70% ethanol in PBS. The cells 
were treated with 100 μg mL–1 RNase and 0.5 mg mL–1 pro-
pidium iodide and kept on ice until just before analysis.   

Table 1  Information of qRT-PCR primers 

Name Sense primer Antisense primer 

KLHL24 (accession No. NM_017644.3) 
Kel-rltm-F nucleotides 1476-1495 

5′-ATAAAGGCAGATGGCGTCAC-3′ 
Kel-rltm-R nucleotides 1681-1662 

5′-TCCTCCACCAATCACAAACA-3′ 

β-actin (accession No. NM_001101.3) 
-actin-F nucleotides 271-290 

5′-GGCATCCTCACCCTGAAGTA-3′ 
-actin-R nucleotides 473-454 

5′-GGGGTGTTGAAGGTCTCAAA-3′ 

α-4 (accession No. JQ780693.1) 
-4-F nucleotides 127336-127316 

5′-TGCGCGTGGTGGTGCTGTACT-3′ 
-4-R nucleotides 127023-127043 

5′-CACGGTGTTGACCACGATGAG-3′ 

tk (accession No. JQ780693.1) 
tk-F nucleotides 47352-47333 

5′-CAGCAAGAAGCCACGGAAGT-3′ 
tk-R nucleotides 47042-47059 

5′-GCGTCGGTCACGGCATAA-3′ 

gC (accession No. JQ780693.1) 
gC-F nucleotides 95892-95912 

5′-GTGGTCCTGTGGAGCCTGTTG-3′ 
gC-R nucleotides 96198-96177 

5′-GGGTGGTGTTGTTCTTGGGTTT-3′ 
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1.8.2  Analysis of mean GFP fluorescence intensity 

Vero cells were transfected with pSilence-hsv1-mir-H27 
and/or pEGFP-KEL-UTR, which expresses the GFP gene. 
Approximately 1×106 cells were collected 48 h post-  
transfection, washed with PBS, and resuspended in ice-cold 
70% ethanol. The suspended cells were fixed with 0.5% 
paraformaldehyde at room temperature for 1 h and stored at 
4°C for subsequent analysis. The samples were analyzed by 
flow cytometry (BD FACS Canto™ II). 

1.8.3  CAT analysis 

CHO-k cells were grown to 90% confluence in F-12 medi-
um and then co-transfected with pcDNA3-KEL and 
pCAT-α4, pCAT-tk, or pCAT-gC. Forty-eight hours 
post-transfection, the cells were harvested and lysed by 
three freeze–thaw cycles in 200 μL of 250 mmol L–1 

Tris·HCl, pH 7.8. Cellular debris was removed by centrifu-
gation at 10000×g for 5 min at 4°C. Finally, 100 μCi of 
3H-chloramphenicol was added to the supernatant to assay 
for CAT activity at 37°C for 1 h. After extraction with xy-
lene, incorporated radioactivity was measured in a scintilla-
tion counter (Beckman LS 6000; Beckman Coulter). CAT 
activity was established using serial CAT enzyme (Promega) 
dilutions from 100 to 3.125 milliunits. One unit (U) is de-
fined as the amount of enzyme required to convert 1 nmol 
of acetate to chloramphenicol in 1 min at 37°C.  

1.9  Antisense inhibitors of miRNA expression  

2′-O-methyl (2′-O-me) oligoribonucleotides were synthe-
sized by Integrated DNA Technologies (Shanghai Gene- 
Pharma). The sequences of 2′-O-me-anti-hsv1-mir-H27 and 
2′-O-me-scramble were as follows: 5′-GGAAGAGGG- 
GGGAGAAAGGGGUCUG-3′ and 5′-ACGGCAAGCUG- 
ACCCUGAAGUUCAU-3′, respectively. The 2′-O-me- 
scrambled miRNA was used as a control. Cells were grown 
in six-well plates (1.7106 per well) for 24 h and transfected 
with 150 pmol per well of 2′-O-me oligoribonucleotides 
using Lipofectamine™ 2000. 

2  Results  

2.1  The miRNA hsv1-mir-H27 is identified by compu-
tational analysis and confirmed in HSV-1-infected cells 

The putative secondary structure of the non-coding regions 
of the HSV-1 genome was analyzed by using RNA structure 
3.2 software [19]. Various miRNA sequences within the 
HSV-1 genome were further predicted using the miRBase 
sequence system [20,21]. Finally, three potential hairpin 
structures in non-coding regions of the HSV-1 genome were 
proposed (Table S1, Figure S1). These structures all exhib-
ited basic features of miRNAs. Northern blots analysis with 
hybridization probes against these three potential miRNA 
sequences (Table S2) indicated that one of the miRNAs, 

hsv1-mir-H27, detected by probe p2, was located in 
non-coding regions of the ICP0 gene which encodes HSV-1 
IE transcripts (Figure 1A and B). The miRNA was ex-
pressed in Vero cells that had been infected with HSV-1 at a 
multiplicity of infection (MOI) of 1. This miRNA was de-
tected 2–4 h post-infection, gradually increased to the peak 
level at 16 h and slowly decreasd thereafter. The miRNA 
was also detected by qRT-PCR (Figure 1C). These results 
suggest that hsv1-mir-H27 exerts its function during the 
major processes of viral replication and proliferation. 

2.2  Hsv1-mir-H27 targets the 3′-UTR of the cellular 
protein KEL and inhibits its expression 

A BLAST search of the hsv1-mir-H27 sequence in Gen-
Bank revealed that the miRNA, located in the non-coding 
region of HSV-1 ICP0, was complementary to a sequence in 
the 3′-UTR of the mRNA of the KLHL24 gene encoding the 
cellular protein KEL (Figure 2A). As shown by northern 
blot analysis, KEL mRNA levels in HSV-1 infected cells 
decreased gradually over time (Figure 2B). For further val-
idation, a quantitative analysis by real-time RT-PCR was 
used to analyze relative KEL mRNA abundance, indicating 
that the levels of KEL mRNA expression decreased in 
HSV-1-infected cells compared with uninfected cells (Figure 
2C). A corresponding western blot analysis confirmed the 
knockdown of KEL protein expression in HSV-1-infected 
cells (Figure 2D). Additionally, the result of real-time PCR 
suggested that the transcription of KEL mRNA in L-02 cells 
was inhibited after transfection with pSilence-hsv1-mir-H27 
which expressing miRNA hsv1-mir- H27 (Figure S2). To 
further distinguish whether this decreased KEL mRNA ex-
pression could be attributed to hsv1-mir-H27, the KEL ex-
pression in HSV-1-infected cells with or without the pres-
ence of antisense RNA to hsv1-mir-H27 was compared. The 
result indicated that the down-regulation of KEL expression 
was reversed in the presence of RNA antisense to hsv1- 
mir-H27 when compared with a non-specific RNA control 
(Figure 2E). These results suggest that KEL expression is 
down-regulated specifically by hsv1-mir-H27 during 
HSV-1 infection. 

2.3  Hsv1-mir-H27 inhibits the expression of a GFP 
gene fused to the 3′-UTR of KEL mRNA 

The above results demonstrated that hsv1-mir-H27 was 
specifically expressed in HSV-1-infected cells, suggesting 
that the observed knockdown of KEL mRNA and conse-
quent expression was caused by the binding of this miRNA 
to a sequence within the 3′-UTR of the mRNA encoding 
this cellular protein. In order to verify this hypothesis, we 
built a detection system. In which the hsv1-mir-H27 expres- 
sion was identified by qRT-PCR (Figure S3), and the fluo-
rescence intensity of these cells was determined by flow 
cytometry at different time points. In contrast to GFP-  
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Figure 1  Identification of hsv1-mir-H27 from HSV-1. A, Schematic representation of the ICP0 gene. Hsv1-mir-H27 was located in a non-encoding region 
within the ICP0 gene that gives rise to HSV-1 IE transcripts. TRL, long terminal repeat; TRS, short terminal repeat; IRL, long internal repeat; IRS, short inter-
nal repeat; UL, unique long region; US, unique short region. B, Northern blot depicting hsv-mir-H27 expression by probe P2 in HSV-1-infected cells. Vero 
cells were infected with HSV-1 at an MOI of 1 or mock-infected and harvested at 18 hpi (hours post-infection). Northern hybridization was performed as 
described for probe P2 or P5s. C, Northern blot and quantitative real-time PCR analyses of hsv1-mir-H27. Upper panel, Vero cells were infected with HSV-1 
at an MOI of 1 or mock-infected and harvested at 2, 4, 8, 16 or 24 hpi. Total RNA was extracted with TRIzol® (Invitrogen), followed by reverse transcrip-
tion with mi-loop or u6-loop primers. The resulting cDNA was subjected to SYBR Green quantitative real-time PCR using primers flanking the HSV-1 
hsv1-mir-H27 or snRNA u6. Data were normalized to the u6 control and calculated according to log2∆Ct. The results are presented as mean±SD (n=3). The 
x-axis shows hours post-infection and the y-axis represents lg(relative quantitation). Lower panel, hybridization was performed as described for probe P2. 

producing control cells, Vero cells co-transfected with pSi-
lence-hsv1-mir-H27 and pEGFP-KEL-UTR exhibited less 
intense fluorescence, implying the GFP fluorescence ex-
pression was down-regulated by the miRNA. Furthermore, 
fluorescence was rescued in another group of cells that was 
co-transfected with pSilence-hsv1-mir-H27 and pEGFP- 
KEL-UTR/M (Figure 3A). However, GFP fluorescence in 
Vero cells co-expressing hsv1-mir-H27 was rescued by 
co-transfection with antisense RNA containing hsv1-mir- 
H27-specific binding sequences. As depicted in Figure 3B, 
GFP expression was rescued in the experimental group with 
antisense RNA, supporting the conclusion that hsv1-mir- 
H27 binds the 3′-UTR of KEL mRNA and down-regulates 
protein expression via specific interactions. 

2.4  KEL protein decreases the transcriptional efficien-
cies of HSV-1 IE and early genes 

The observed down-regulation of cellular KEL protein ex-
pression by hsv1-mir-H27 in HSV-1 infected cells suggests 
KEL inhibits productive infection. It has been reported that 

proteins with a typical poxvirus and zinc finger (POZ) motif, 
like that in the N-terminus of KEL, are generally involved 
in transcriptional inhibition [23] and the formation of his-
tone deacetylase complexes [24]. The KEL eukaryotic ex-
pression vector pcDNA3-KEL was transfected into cells, 
and KEL expression was evaluated by Western blot analysis 
(Figure S4). 

KEL-expressing cells were infected with HSV-1 and 
subsequently harvested at different time points. Real-time 
RT-PCR was performed on the harvested samples to quan-
tify the amount of mRNA from viral α-4, TK, and gC genes, 
which are IE, E, and L genes, respectively. Compared to the 
control samples, the transcription level of IE and E genes 
was lower in lower in cells expressing elevated KEL and 
infected cells (Figure 4A). To further examine the details of 
this biological phenomenon, CAT analyses were performed 
in the presence of transiently-expressed KEL protein by 
using pCAT-α4 and pCAT-TK plasmids containing HSV-1 
α-4 and TK promoters, respectively. KEL inhibited the 
transcriptional initiation efficiencies of the HSV-1 α-4 and 
TK promoters (Figure 4B). 
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Figure 2  Hsv1-mir-H27 targets the cellular KEL mRNA and down-regulates its expression in HSV-1-infected cells. A, The predicted target of 
hsv1-mir-H27. The miRNA hsv1-mir-H27 was capable of forming a complete complementary sequence to part of the 3′-UTR of the Kelch-like 24-gene 
transcript encoding the cellular protein KEL. B, Northern blot indicating KEL mRNA expression in HSV-1-infected cells. L-02 cells were infected with 
HSV-1 at an MOI of 1 or mock-treated and harvested at 24 hpi. Northern hybridization was performed as described for the probes P Kel and P18s. C, The 
level of KEL mRNA decreased in HSV-1-infected cells. An RT-PCR analysis of the transcript levels of KEL after HSV-1 infection. L-02 cells were infected 
with HSV-1 at an MOI of 1 or mock-treated and harvested at 4, 8, or 16 hpi. Total RNA was extracted with TRIzol® (Invitrogen), followed by oligo 
(dT)-primed reverse transcription. The resulting cDNA was subjected to SYBR Green quantitative real-time PCR using primers flanking the human KEL. 
Data were normalized based to KEL mRNA in mock-infected cells and calculated by log2∆∆Ct (n=3). D, KEL protein levels were down-regulated in 
HSV-1-infected cells. Western blot analyses for KEL and β-actin using whole-cell lysates of L-02 cells infected with HSV-1 at an MOI of 1 or uninfected 
and harvested at 16 hpi. KEL was detected with a mouse polyclonal antibody against its N-terminus and normalized to the levels of β-actin detected with a 
mouse polyclonal antibody Western blot. To detect the relative quantitative of KEL protein, grey density of the film was scanned and analyzed by molecular 
imager Gel DocTM XR+ imaging system (America, Bio-Rad). E, Antisense RNA rescued the expression of KEL in HSV-1-infected cells. L-02 cells grown 
in six-well plates were transfected with 150 pmol of anti-hsv1-mir-H27 or scrambled-sequence miRNA using Lipofectamine™ 2000. Six hours after trans-
fection, the cells were infected with HSV-1 at an MOI of 1 and harvested at 4, 8 and 16 hpi. The total RNA was extracted with TRIzol® (Invitrogen), fol-
lowed by oligo(dT)-primed reverse transcription. The resulting cDNA was subjected to SYBR Green quantitative real-time PCR using primers flanking the 
human KEL. Data were normalized based to KEL mRNA in mock-transfected cells and calculated by log2–∆∆Ct (n=3). * P<0.05. 

Hsv1-mir-H27 antisense RNA to decrease the transcrip-
tional efficiency and replication of HSV-1 in infected cells 
KEL protein, which is down-regulated by hsv1-mir-H27, is 
a transcriptional regulatory factor with inhibitory effects on 
HSV-1 replication and proliferation. The purpose of inhibit- 
ing KEL is, presumably, to ensure efficient replication of 
HSV-1. A quantitative analysis of HSV-1 replication indi-
cated that the transcriptional efficiencies of HSV-1 α-4 and 
TK genes in cells transfected with anti-hsv1-mir-H27 were 
lower than in control cells collected at various time points 
(Figure 5A). Furthermore, the HSV-1 proliferation efficien-
cies in cells transfected with anti-hsv1-mir-H27, as deter-
mined by viral infectious titrations, were lower than in the 
control cells (Figure 5B). 

3  Discussion 

Previous studies on miRNAs have provided the basic crite-
ria for identifying miRNAs located in non-encoding regions 
of genomes, in addition to the hairpin structures of precur-
sors and the conserved sequences in different species [5,10]. 
Although the miRNA molecular characterization (Figure S1) 
of hsv1-mir-H27 as described in this paper satisfies these 
criteria, this miRNA is most likely novel. Comparisons of 
the hsv1-mir-H27 hairpin structure with minimum free en-
ergy to those identified in previous work by Cui et al. [25] 
seem to confirm this finding. However, two important 
points distinguish this miRNA identification from our pre-
vious work: we selected hairpin structures with lengths of 



 Wu W J, et al.   Sci China Life Sci   April (2013) Vol.56 No.4 379 

 

Figure 3  Hsv1-mir-H27 inhibits expression of the GFP gene fused to the 3′-UTR of KEL mRNA. A, The miRNA hsv1-mir-H27 knocked down expression 
of the target protein. Flow cytometry analysis of the fluorescence intensity (MFI) of GFP in Vero cells transfected with hsv1-mir-H27 and its tar-
get-containing or target-deleted plasmid. Two micrograms of pEGFP-N2 or pEGFP-KEL-UTR or pEGFP-KEL-UTR/M were co-transfected into Vero cells 
with or without 2 µg of pSilence-hsv1-mir-H27. The amount of transfected DNA in each well was kept constant by addition of pcDNA3. Cells were fixed 24 h, 
36 h and 48 h after transfection as described and GFP MFI was detected by flow cytometry, n=3. The upper panel presents the GFP MFI in transfected cells, 
and the lower panel describes the plasmids transfected in each group. B, Antisense RNA rescued the expression of GFP. Flow cytometry analysis indicated 
GFP MFI in Vero cells after antisense RNA transfection. One microgram of pEGFP-N2 and 1 µg pSilence 4.1 or pSilence-hsv1-mir-H27 were co-transfected 
into Vero cells with 150 pmol anti-hsv1-mir-H27 or scrambled-sequence microRNA inhibitor. Cells were fixed 24, 36 and 48 h after transfection as de-
scribed and GFP MFI was detected by Synergy 2 Multi-Mode Microplate Reader, n=3. The dates were relative data based on the control group, MFI=100. 

70–120 nt, which might have resulted in missing some pos-
sible precursor structures; and we emphasized the conserva-
tion of miRNA structures as an important factor. For these 
reasons, the identification of miRNAs similar to hsv1-mir- 
H27 in this work appears to be rational and is supported by 
other recent work [22,26].  

In studies of different members of the Herpesviridae 
family, more than 50 miRNAs with interfering functions 
have been identified [27]. Most of them are believed to reg-
ulate expression of viral functional and structural proteins. 
For example, the EBV virally encoded miR-BART2 is ca-
pable of down-regulating the viral DNA polymerase 
(BALF5) [28]. Other miRNAs, such as miR-BART3-5P and 
miR-BAR16, are capable of regulating the expression of the 
critical regulatory protein LMP1 [29]. Clearly, the control 
of viral transcription factor expression via virus-encoded 
miRNAs is an essential component of viral survival strate-
gies. During HSV-1 infection, the miRNAs target IE (spe-

cifically ICP34.5, ICP4, and ICP0), E, and L gene transcrip-
tional activation [10,11,28]. The targeting of ICP0, as a 
component of LAT, is significant due to its association with 
the control mechanisms of viral latent infection, establish-
ment, maintenance, and removal [30].  

Until recently, no definitive evidence had demonstrated 
that an HSV-1-encoded miRNA is capable of regulating the 
expression of specific cellular genes, even though there 
were indications of this phenomenon. However, there are 
confirmed data suggesting that miR-132 is highly induced 
after infection by HSV-1 or KSHV, regulating innate anti-
viral immunity by inhibiting the expression of the p300 
transcriptional co-activator [22].This study provides further 
evidence supporting the hypothesis that HSV-1-encoded 
miRNAs might contribute to inhibiting specific host gene 
expression likely to be targeted by virus-encoded proteins 
(e.g., viral host shut-off protein (VHS)). The dynamic status 
of miRNA (hsv1-mir-H27) production in HSV-1 infection 
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Figure 4  KEL protein inhibits the transcriptional efficiency of HSV-1 IE and early genes. A, KEL protein inhibits transcription of HSV-1. RT-PCR 
demonstrated a change in the level of transcripts for the HSV-1 IE, E, and L genes in Vero cells transfected with KEL. Four micrograms of pcDNA-KEL or 
pcDNA3 was transfected into Vero cells that were subsequently infected with HSV-1 at an MOI of 1 and harvested at 2, 3, 4, 6 or 8 hpi. Samples were pre-
pared as described, and RT-PCR was performed with primers flanking the α-4 (upper left), tk (upper middle), and gC (upper right) genes of HSV-1. Data 
were normalized based on α-4, tk and gC transcription levels in pcDNA plasmid mock transfection (n=3). B, Dose-response curve of the transcriptional 
repression of HSV-1 promoters by KEL. One microgram of CAT reporter gene expression plasmid was co-transfected into Vero cells with different amounts 
pcDNA-KEL. The amount of transfected DNA in each well was kept constant by the addition of pcDNA3. The relative CAT activity values in each experi-
mental group were calculated by assigning a value of 100 to values resulting from transfection of 1 µg of the CAT reporter gene expression plasmid and 
relevant amounts of pcDNA3 (n=3). *, P<0.05. 

was analyzed by northern blot and qRT-PCR analyses. This 
miRNA was present in cells 2–4 h post-infection and 
reached peak levels 16 h post-infection. The miRNA se-
quence specifically targets the 3′-UTR of KEL, leading to 
the knockdown of KEL mRNA and protein levels. This re-
sult suggests that hsv1-mir-H27 functions to either degrade 
KEL mRNA or diminish the translational efficiency of KEL 
mRNA. Moreover, analysis of the KEL protein structure 
and function revealed a POZ domain and a specific activity, 
as demonstrated by a CAT assay showing inhibitory effects 
on transcriptional initiation of the upstream regulatory ele-
ments CAAT, ATF, and SP1 in the typical cellular gene 
promoter (Figure S5). Although current knowledge suggests 
HSV1 is capable of general knockdown of cellular gene 
expression via its VHS, there is no direct evidence that links 
VHS with KEL protein or hsv-mir-H27. However, our re-
sults indicate that the down-regulation of KEL expression is 
most likely to due to hsv1-mir-H27 rather than VHS (Figure 
2E). 

These data are interesting observations that will lead us 

to a greater understanding of the mechanisms by which 
HSV-1–encoded miRNA affects cellular transcriptional 
regulation and to an understanding of the significance of 
systematic cellular transcriptional activators in viral replica-
tion. The viral IE genes are most active 2–4 h post-infection, 
when the transcription of the E genes is initiated and the 
associated regulatory processes occur. In our previous work, 
a number of genes encoding cellular proteins that were 
up-regulated specifically during viral infection were identi-
fied and isolated approximately 2–4 h post-infection in 
HSV-1-infected fibroblasts. All of their encoded products 
were cellular transcriptional inhibition–associated factors 
and exhibited corresponding inhibitory effects on viral rep-
lication [15,24,31]. In this context, the miRNAs generated 
during HSV-1 infection are capable of specifically 
down-regulating the expression of cellular transcriptional 
repressors, and this is most likely a major strategy for suc-
cessful viral infection. Our current observations support 
such a hypothesis. When KEL expression was increased, the 
expression of the HSV-1 IE and E genes decreased com-
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Figure 5  Antisense RNA to hsv1-mir-H27 decreases transcriptional efficiency and replication of HSV-1 in infected cells. A, Transcriptional inhibition of 
KEL by hsv1-mir-H27 is blocked by antisense RNA. L-02 cells grown in six-well plates were transfected with 150 pmol of anti-hsv1-mir-H27 or scram-
bled-sequence miRNA using Lipofectamine™ 2000. Six hours after transfection, the cells were infected with HSV-1 at an MOI of 1 and harvested at 2, 4, 6, 
8, or 12 hpi. Samples were prepared as described above. The resulting cDNA was subjected to SYBR Green quantitative real-time PCR using primers flank-
ing the α-4 or tk gene of HSV-1. Data were normalized to the β-actin gene transcription level in HSV-1-infected cells (n=3). B, Effect of antisense RNA 
against hsv1-mir-H27 on the replication of HSV-1. L-02 cells pre-seeded in six-well plates were transfected with 150 pmol anti-hsv1-mir-H27 or scrambled 
2′-O-me-miRNA using Lipofectamine 2000. Eight hours after transfection, cells were infected with HSV-1 at an MOI of 0.01 and harvested at 12 or 24 hpi. 
Viral titers were determined on Vero cell monolayers in triplicate. Viral titers were calculated based on the number of plaques formed in the various dilutions 
and expressed as mean±SD. *, P<0.05. 

pared with the expression observed in controls (Figure 4A). 
However, a recovery was observed when antisense RNA 
was used to inhibit hsv1-mir-H27 expression (Figure 5A 
and B). As shown in the CAT reporter system, the tran-
scriptional initiation efficiencies of the HSV-1 α-4 and TK 
gene promoters decreased in the presence of KEL (Figure 
4B). Taken together, our data support a model in which 
hsv1-mir-H27 is capable of interfering directly with the 
expression of the transcriptional repressor KEL in host cells. 
Such interference effects reduce the KEL cellular protein 
threat to viral replication and facilitate stable transcription 
and replication of viral genes in host cells.  

4  Conclusion 

Although further investigation and analysis of the above 
putative model are needed, our work demonstrates that 
hsv1-mir-H27 is a virus-encoded miRNA expressed during 
HSV-1 infection. Hsv1-mir-H27 is capable of specifically 

down-regulating the expression of the cellular protein KEL, 
which has transcriptional inhibitory activity against the 
HSV-1 IE and E genes. Therefore, the expression of 
hsv1-mir-H27 may be regarded as an effective viral strategy 
to evade host cell defenses and support the efficient replica-
tion and proliferation of HSV-1. 
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Supporting Information 

Figure S1  Three potential hairpin structures in non-coding regions of the HSV-1 genome were predicted by computational analysis. 

Figure S2  KEL mRNA was inhibited by hsv1-mir-H27. Cells were transfected with 3 µg of pSilence-hsv1-mir-H27 or pSilence 4.1 and harvested 18 h 
post-transfection. Reverse transcription was performed with Kel-rltm-R or β-actin-R followed by quantitative real-time PCR with Kel-rltm-F and Kel-rltm-R 
or β-actin-F and β-actin-R primers. Data were normalized based on the β-actin control and calculated by log 2∆∆Ct, n=3. 

Figure S3  MiRNA hsv1-mir-H27 was highly expressed by pSilence-hsv1-mir-H27. Cells were transfected with 3 µg of pSilence-hsv1-mir-H27 or pSilence 
4.1 and harvested 24 h post-transfection. Reverse transcription was performed with mi-loop or u6-loop primers followed by quantitative real-time PCR with 
mi F and mi R or u6 F and u6 R primers. Data were normalized based on the u6 control and calculated by log 2∆∆Ct, n=3.  

Figure S4  Western blot analysis showing that KEL is expressed in cells transfected with the eukaryotic. Cells were transfected with 3 µg of pcDNA3-KEL 
or pcDNA3 and harvested 24 h post-transfection. Western blot analysis was conducted with a mouse polyclonal antibody against its N-terminus and normal-
ized to the levels of β-actin detected with a mouse polyclonal antibody Western blot. 
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Figure S5  KEL effect on the function of different upstream transcriptional activating elements. One microgram of the CAT reporter gene expression plas-
mids (pCAT-ATF, pCAT-SP1, or pCAT-CAAT) were co-transfected into cells with 2 µg of pcDNA3-KEL. The CAT relative activity values in each exper-
imental group were calculated by assigning a value of 100 to values resulting from transfection of 1 µg of the CAT reporter gene expression plasmid and 
relevant amounts of pcDNA3, n=3.  

Table S1  Sequences of three potential hairpin structures in the non-coding regions of the HSV-1 genome 

Table S2  Sequences of three potential miRNA and its probes 

The supporting information is available online at life.scichina.com and www.springerlink.com. The supporting materials 
are published as submitted, without typesetting or editing. The responsibility for scientific accuracy and content remains en-
tirely with the authors. 


	1 Materials and methods
	1.1 Viruses and cells
	1.2 Structure analysis and prediction of miRNA
	1.3 Construction of plasmids
	1.4 Transfection of cells
	1.5 Western blot analysis
	1.6 Northern blot analysis
	1.7 Quantitative real-time PCR analysis of viral gene expression
	1.8 Flow-cytometric detection
	1.9 Antisense inhibitors of miRNA expression

	2 Results
	2.1 The miRNA hsv1-mir-H27 is identified by computational analysis and confirmed in HSV-1-infected cells
	2.2 Hsv1-mir-H27 targets the 3'-UTR of the cellular protein KEL and inhibits its expression
	2.3 Hsv1-mir-H27 inhibits the expression of a GFP gene fused to the 3'-UTR of KEL mRNA
	2.4 KEL protein decreases the transcriptional efficiencies of HSV-1 IE and early genes

	3 Discussion
	4 Conclusion
	Supporting Information

