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Mutual antagonism between 
hepatitis B viral mRNA and host 
microRNA let-7
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The interplay between viral and host factors plays a major role in viral pathogenesis. Hepatitis 
B virus (HBV) infection is a global health problem that leads to liver cirrhosis and hepatocellular 
carcinoma (HCC). Although HBV proteins have been studied extensively about their implication in 
hepatocarcinogenesis, the molecular mechanisms of oncogenesis are still largely unknown. A recent 
concept in gene regulation, in which competitive endogenous RNAs compete for common microRNAs 
(miRNAs), suggests that mRNA targets are key elements in the regulation of miRNA availability. Here, 
we show that HBV mRNA in the preS2 region can be targeted by host miRNA let-7 g. This leads to the 
sequestration of let-7 g and inhibition of let-7 g function. The expression of HBV transcripts, including 
the preS2 region, de-repressed let-7 g targets, which may contribute to long-term oncogenesis. HBV 
transcript-expressing transgenic mice, but not non-targeted transcript-expressing mice, were more 
prone to chemically induced hepatoocarcinogenesis. Let-7 target protein expression was upregulated 
in human HCC tissues derived from HBV-infected patients. On the other hand, let-7 g inhibited HBV 
preS2 protein expression and viral products. These results suggest that the interplay between viral 
intermediate transcripts during HBV replication and host miRNAs is crucial to the pathogenesis of 
chronic viral infection.

MicroRNAs (miRNAs) are short, single-stranded, non-coding RNAs. Mature miRNAs are recruited into the 
Ago2-related RNA-induced silencing complex (RISC) and act as suppressors of gene expression. Although they 
cannot be used for completely accurate prediction of target sequences, “seed” sequences consisting of 2–7 nucle-
otides within miRNAs are considered critical for selecting targets1. Depending on the target mRNA, miRNAs are 
responsible for various biological functions, including oncogenesis and oncogenic suppression2–4.

Although pseudogenes had been recognized as defunct relatives of known genes, some pseudogenes, such 
as the phosphatase and tensin homology deleted on chromosome ten (PTEN) pseudogenes, have been recently 
reported as biologically functional. These decoys consume copies of the miRNAs, de-repressing PTEN and 
enhancing its tumor suppressor activity5. These decoys consume copies of the miRNAs, de-repressing PTEN and 
enhancing its tumor suppressor activity5. Similar competitive endogenous RNAs have been reported, and these 
networks may play important trans-regulatory functions6.

More than 350 million people globally are chronic carriers of the Hepatitis B virus (HBV)7. A significant 
number of these carriers suffer from either liver failure or hepatocellular carcinoma (HCC) during the late stages 
of the disease8. HBV is a DNA virus with a 3.2-kb-long partially double-stranded relaxed circular DNA (rcDNA) 
as its genome that contains four open reading frames for the P (DNA polymerase/reverse transcriptase), C (core 
protein), S (surface protein), and X (X protein) genes. The S gene is divided into preS1 and preS2 regions and the 
small S gene, and the HBV envelope is composed of three HBV surface antigen (HBsAg) forms: large S (coded 
for by the pre-S1/pre-S2/S gene), middle S (the preS2/S gene), and small S (the S gene) proteins. Because HBV 
sequences have diversities, genotypes of HBV have been recognized by a sequence divergence of more than 8% 
in the entire genome and named by capital alphabetical letters in the order of discovery9 with distinct geographic 
distribution10. HBV genotype A is prevalent in Africa, Europe and India, genotype B and C are common in Asia, 
and genotype D is distributed all over the world10.
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HBV replication process includes the step of reverse transcription. Covalently closed circular HBV DNA 
(cccDNA) is formed by conversion from rcDNA after HBV infection and exists persistently in the hepatocyte 
nucleus in an episomal state, where it acts as a viral transcription template. Transcribed RNAs, which serve as 
mRNAs for the viral proteins or serve as a template for the viral genome DNA through reverse transcription 
using viral reverse transcriptase. Nucleocapsids containing rcDNA are released from the host cell as virions or are 
converted to cccDNA in the nucleus. While nucleos(t)ide analogs efficiently suppress HBV replication11, complete 
elimination of cccDNA remains difficult12.

In general, viral and cellular miRNAs involved in host-pathogen interactions are engaged during the host-viral 
offense and defense13–16. Through these interactions, viruses may establish an environment favorable for their 
persistence, which may be pathogenic to the host, and, at the same time, host may work as defending such viral 
infection. In this study, we hypothesized that, besides HBV mRNAs function as templates for the viral products, 
they may work like cellular pseudogenes that function as decoys of cellular miRNAs17–19, leading to deregulate 
the cellular circumstances and provide with one of the pathogenic molecular mechanisms. In addition, we deter-
mined whether host cellular miRNAs possibly interacting with the viral RNA may interfere the HBV replication.

Results
HBV preS2 mRNA interacts with cellular microRNA let-7 g.  To determine whether HBV mRNA can 
functionally interact with host miRNAs, HBV genotype D mRNA sequences were examined in silico for possible 
miRNA-targeting sequences using the miRanda database. While several sequences were selected as candidates, 
sequences in the HBV preS2 region of the HBV large S antigen had the highest probability according to another 
confirmatory search using the RNA22 database (Supplementary Figure 1). These sequences are targeted by let-7 g, 
with complementarity at positions 1–13 from the miRNA 5′ -end, including the seed region, and 83% comple-
mentarity of the entire miRNA sequence (Fig. 1a).

To examine the biological function due to these interactions further, we cloned a plasmid encoding the 
HBV large surface antigen (Large S) using genotype D HBV genomic sequences derived from HBV-integrated 
HepG2.2.15 cells20. To exclude the effects of HBV proteins, we constructed a plasmid expressing Large S mRNA 
that cannot synthesize the protein by introducing stop codons (named “Large S–S”) via mutagenesis at the earliest 
positions from the start codons of the preS1, preS2 and S genes each (Fig. 1b). The transcripts from the Large S 
and Large S–S constructs were confirmed by reverse transcription-polymerase chain reaction (RT-PCR) (Fig. 1c). 
Protein expression from the Large S construct and no protein expression from the Large S–S construct were both 
confirmed by in vitro transcription and translation (Fig. 1d). In addition, a construct with mutations in the preS2 
sequences that disrupts the complementarity to the seed sequences of let-7 g was generated from the Large S–S 
construct (named as “Large S-SM”) (Fig. 1e). Because HBV sequences show diversity across the genotypes, we 
extracted and aligned representative HBV sequences from the Hepatitis Virus Database21. We confirmed that the 
corresponding sequences are mostly conserved irrespective of the genotypes (Fig. 1f). In addition, while frequent 
deletion of the preS region was reported, particularly in cases with hepatocellular carcinoma (HCC)22–24, we 
confirmed that such deletions usually occur at the terminal of preS1 and starting regions of preS2, which do not 
overlap with the let-7 g targeting sequences (Fig. 1f).

HBV large S mRNA suppress let-7 g function.  To determine the functional changes in miRNAs in 
cells with HBV transcripts harboring the preS2 region, we used luciferase-based reporters containing miRNA 
responsive elements (Fig. 2a). With overexpression of miRNA-expressing plasmids corresponding to the report-
ers in Huh7 cells, the luciferase values were significantly reduced by the expressed miRNA function (“Control” 
in Fig. 2b). However, when using let-7 g reporter and precursor constructs, simultaneous expression of the Large 
S–S construct significantly suppressed the let-7 g function, and luciferase values were recovered (Fig. 2b). These 
effects were not observed when expressing the Large S-SM construct, which has mutations in the complementary 
regions of the let-7 g seed sequences, suggesting that the effects were let-7 g-specific. The suppression of miRNA 
function by the Large S–S construct was not observed when using the miR103 reporter or precursor constructs 
(Fig. 2b), again suggesting specificity to let-7 g function. These phenomena were similarly observed even without 
exogenous miRNA precursor expression (Fig. 2c) and in HepG2 cells (Supplementary Figure 2). As expected, 
the protein expression levels of HMGA2, LIN28B, and c-myc, which are let-7 g targets, were increased in Large 
S–S-expressing cells (Fig. 2d).

Because the results suggest that let-7 g may be sequestered by HBV large S transcripts, we examined the let-7 g 
levels in Ago2-associated RISC using RNA immunoprecipitation (RIP), adjusted for the miR103 levels in RISC, 
which were measured simultaneously as a control. To visualize the results more easily by enhancing the basal 
effects, let-7 g precursor-expressing cells were used for this assay. Although the precipitated Ago2 protein levels 
were almost unchanged, let-7 g levels in RISC were approximately 20-fold higher than those in the control cells 
stably transfected with a control vector (Fig. 2e). However, the let-7 g levels in RISC were reduced by ~50% when 
using the cells stably expressing the let-7 g precursor construct and Large S–S. These effects were not observed 
when using the cells stably expressing the let-7 g precursor construct and Large S-SM, suggesting that the Large S 
transcripts sequestered let-7 g from RISC through their interactions and reduced let-7 g intrinsic function.

Large S transcript transgenic mice are prone to chemically-induced liver tumor.  To examine 
the biological effects of Large S transcripts in vivo, we constructed transgenic mice expressing HBV Large S–S 
transcripts and Large S-SM. Although no spontaneous liver tumors were observed in these mice, mice transfected 
with the HBV Large S–S construct had more and larger liver tumors after treatment with diethylnitrosamine 
(DEN) to enhance tumorigenesis (Fig. 3a–c, and Supplementary Figure 3a). However, the results from mice 
expressing the Large S-SM construct were comparable to those from control mice (Fig. 3a–c), suggesting that the 
sequences in Large S are crucial for these phenotypes. Additionally, to examine the expression levels of LIN28B, 
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a let-7 target gene, in liver tissues derived from patients with HBV infection, immunohistochemistry was per-
formed using HCC and the surrounding tissues from HBV-infected and -uninfected cases. The LIN28B pro-
tein expression levels were significantly higher in HCC tissues and their surrounding tissues derived from the 
patients with HBV infection than in those from non-infected patients (Fig. 3d and Supplementary Figure 3b,c). 
Particularly, samples from patients with a high HBV load express higher levels of LIN28B protein in HCC adja-
cent liver tissues. These results support the in vitro results that HBV transcripts may suppress let-7 function and, 
in those cases, let-7 target protein expression is upregulated.

Let-7 g antagonizes HBV replication.  To examine whether the functional interactions have any effect 
on HBV replication, we used the tetracycline-regulated HBV replication cell culture system (Hep38.7-tet). In 
these cells, tetracycline shuts off HBV expression, while the removal of tetracycline induces the expression of 
HBV products as well as HBV replication rapidly and efficiently25,26 (Fig. 4a). In these cells, let-7 g-overexpressing 
Hep38.7 cells expressed lower levels of HBV preS2 protein after long-term culture without tetracycline (Fig. 4a). 
In addition, when HBV products expressed from the cellular genome were suppressed by adding tetracycline 
after culturing the cells without tetracycline, HBV preS2 protein, although its expression was lower to begin with 

Figure 1.  HBV preS2 mRNA can be targeted by let-7. (a) PreS2 mRNA is targeted by let-7 g. The possible 
target preS2 mRNA and let-7 g sequences are shown. Complementary sequences are indicated in red. Dashed 
lines indicate wobble complementarity. Positions of the let-7 g seed sequences are also indicated. Three forms of 
HBV surface antigen (HBsAg): large S (coded for by the pre-S1/pre-S2/S gene), middle S (the preS2/S gene), and 
small S (the S gene) proteins are also indicated. (b) CMV promoter-driven Large S expressing construct (“Large 
S” construct) is shown. To prevent protein translation, three stop codons were introduced by mutagenesis into 
the preS1, preS2, and S regions, indicated in red rectangles (“Large S–S” construct). The codons were changed 
to TGA, a stop codon. (c) Expression of Large S and Large S–S transcripts was confirmed. RNAs at 48 h after 
transfection into Huh7 cells with the indicated constructs were extracted and subjected to RT-PCR. (d) In vitro 
translation confirmed no protein translation from the Large S–S construct. Luciferase protein was used as an 
experimental control. (e) Large S–S construct with mutations in the let-7 g seed sequences is shown. Two bases 
corresponding to the let-7 g seed sequences in the Large S transcript-expressing construct were mutated (Large 
S-SM). (f) Representative HBV preS2 sequences derived from genotypes A–D are shown. The genotype D HBV 
DNA sequences from HepG2.2.15 cells used in this study are shown at the bottom. Potential let-7 g-targeting 
sequences, shown in red, are from nucleotides 99 to 120, and the nucleotides differing from the sequences used 
in this study are shown in black. Frequently deleted regions, which are in preS2 from nucleotides 1 to 60, are 
also indicated. The GenBank accession numbers for the HBV sequences shown here are as follows: genotype 
A, AB116093; genotype B, AB073853 and AB073828; genotype C, AB105174 and X52939; and genotype D, 
X80926 and AB205126.
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due to let-7 g overexpression, was decreased more rapidly in let-7 g-overexpressing Hep38.7 cells than in control 
Hep38.7 cells. Figure 4b, suggesting that cellular let-7 g has suppressive effects on HBV protein levels. While the 
role of Large S protein in cccDNA amplification is still controversial27,28, we examined the levels of cccDNA by 
Southern blotting with and without let-7 g overexpression in Hep38.7-tet cells. As shown in Fig. 4c, the cccDNA 
levels were lower in let-7 g-overexpressing cells than in control Hep38.7-tet cells in cultures without tetracycline 
(Fig. 4c), suggesting that let-7 g has, albeit slightly, suppressive effects on the HBV cccDNA levels.

Discussion
In addition to the host mRNAs, exogenous RNAs, including RNAs produced from virus which infects human 
cells, may also be targeted by host cellular miRNAs29. In this study, we describe that sequences in HBV preS2 
region can be targeted by cellular let-7 g, resulting in the impaired function of this miRNA through the decreased 

Figure 2.  HBV preS2 mRNA inhibits let-7 g function. (a) The CMV promoter-driven firefly reporter 
construct is shown. The reporter contains miRNA-responsive elements in its 3′ UTR. Luciferase expression is 
suppressed by the miRNAs. (b) Huh7 cells were transiently transfected with the indicated miRNA reporter 
constructs (pGL4-let-7 g or pGL4-miR103) with or without corresponding miRNA precursor-overexpressing 
plasmids (pCDH-let-7 g or pCDH-miR103). Luciferase activity was significantly suppressed when 
overexpressing miRNA precursors (“Control” compared to “Empty vector” which means without miRNA 
overexpressing plasmid). Expression of Large S–S (pCDH-Large S–S) reversed such suppression by inhibiting 
let-7 g function (left), but not in case of miR103 (right). The Large S-SM construct (pCDH-Large S-SM) did 
not show such effects. Data represent the means ±  s.d. of three independent experiments, and the values from 
the cells without miRNA overexpression were set as 1. *p <  0.05. (c) Similar to the description in b, Large 
S–S inhibited endogenous let-7 g function (left), but not miR103 function (right). In this case, to examine the 
effects of LargeS-S or Large S-SM construct on the function of endogenous miRNAs, miRNA overexpressing 
plasmids were not used. Data represent the means ±  s.d. of three independent experiments, and the values 
from the control were set as 1. *p <  0.05. (d) The expression levels of let-7 g target proteins were upregulated 
in Large S–S stably expressing Huh7 cells according to Western blotting. Forced stable expression of let-7 g 
in Large S–S-expressing Huh7 cells canceled the effects of Large S–S expression. Representative results from 
three independent experiments are shown. (e) Let-7 g loading into the Ago2-associated RISC was decreased 
by Large S–S expression but not by Large S-SM expression. miRNA levels were quantitated in the RISC after 
immunoprecipitation of Ago2. Equal precipitation of Ago2 was confirmed by Western blotting (bottom). Data 
are shown after normalizing the let-7 g levels to miR103 levels in the Ago2-associated complexes. The values of 
the sample without let-7 g overexpression were set as 1. Data represent the means ±  s.d. of three independent 
experiments. *p <  0.05.
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intrinsic recruitment of the miRNA into Ago2-related complexes. Simultaneously, on the part of the effects of 
miRNA to the virus, let-7 g overexpression decreases the HBV preS2 protein levels and possibly HBV cccDNA 
levels. These mutual and functional interactions between viral transcripts and host cellular non-coding RNAs 
may provide with novel insights in understanding the pathogenesis of chronic HBV infection.

Let-7 is a well-regarded tumor-suppressive miRNA30. Indeed, let-7 family members are often repressed in 
human cancers including HCC, promoting transformation by repressing targets such as LIN28B, HMGA2, and 
c-Myc, which are involved in oncogenesis31–33. We identified that the sequences in the HBV preS2 RNA can 
sequester let-7 g, which, in turn, impairs the intrinsic let-7 g function. In fact, the protein expression levels of 
LIN28B were upregulated by the existence of HBV preS2 transcript, which were antagonized by the forced expres-
sion of let-7 g. Although let-7 g is one of the twelve let-7 family members30, because LIN28B blocks the maturation 
of all let-7 family members34,35, the increased LIN28B expression may lead to repression of all miRNAs in the let-7 
family, leading to a concomitant increase of let-7 targets. This feedback loop may be involved in promoting liver 
tumorigenesis, in which LIN28B is frequently highly expressed36,37. Therefore, suppression of intrinsic function 
of even only let-7 g by preS2 transcript may be one of the causative factors for long-term hepatocarcinogenesis 
during chronic HBV infection.

Figure 3.  Large S–S transgenic mice were prone to DEN-induced hepatocarcinogenesis. (a) Representative 
H&E-stained liver tissues from control, Large S–S transgenic, and Large S-SM transgenic mice are shown. 
The mice were sacrificed 16 weeks after DEN treatment. Arrows indicate the tumors in the liver. Bar, 500 μm. 
(b,c) The number and size of the liver tumors from each mouse group are shown. Six mice were used in each 
group. Data represent the means ±  s.d. of three independent experiments. *p <  0.05. (d) LIN28B protein 
expression levels in the HCC tissues and their surrounding tissues derived from HBV-infected or non-
infected patients were determined by immunohistochemistry. Representative images including H&E staining, 
along with the patient clinical information (the positivity of HBeAg and HBsAg, and the HBV-DNA load in the 
sera), are shown. The stained proteins are in brown. Bar, 500 μm.
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Generally, HBV infection is a high risk factor for HCC. Even during antiviral therapy, a proportion of patients 
develop HCC. Furthermore, some patients whose serum HBV DNA levels are under the detection limit level and 
ALT levels are within normal range develop HCC. Clinical studies have shown that the serum HBsAg levels are 
the major determinants of HCC risk, particularly in lower viremic patients38,39. In fact, none of the patients who 
achieved HBsAg seroclearance were found to develop HCC40, although HBsAg seroclearance is not common. 
From these data, HBsAg is apparently a causative factor for HCC occurrence, with HBs transgenic mice develop-
ing HCC41,42. However, as described in this study, preS2 transcript, not protein, may be a major causative factor 
for the liver tumorigenesis. Therefore, it is possible that the serum HBsAg levels are just surrogate markers as the 
major determinants of HCC risk and the causative factor is actually HBs mRNA levels in the hepatocytes, which 
cannot be measured currently without invasive liver biopsy.

The preS region is frequently deleted or mutated, particularly in HCC patients23,24,43,44. However, such deletions 
or mutations are mostly concentrated in the region from the C-terminus part of preS1 and to the N-terminus part 
of the preS2 (about 60 bp from the preS2 start site), which are outside of the sequences of preS2 focused (at 99 bp 
from the start site) in this study. It may be interesting to examine how much pseudogene transcripts, without pro-
tein translation due to the deletion of the preS2 start codon or nonsense mutations, exist in infected hepatocytes, 
and whether those viral transcripts (“viral non-coding RNAs”) are biologically functional.

Host miRNAs can inhibit, or occasionally enhance, viral replication by targeting viral RNAs13. From this point, 
let-7 g indeed inhibited preS2 protein levels in the HBV product-inducible system both stably and after shutting 
off the transcription of the viral products. Although the precise mechanisms of the anti-viral effects by the host 
microRNAs observed remain to be determined, it suggested that host microRNAs can inhibit HBV replication 
to a certain level in the infected cells, which may be one of the factors for maintaining the viral levels at a certain 
level during chronic infection. Comparing to the decreased levels of preS2 protein, the decrease of cccDNA levels 
was only marginal. Because the role of large S protein on the cccDNA amplification is still controversial27,28,45, 

Figure 4.  Let-7 g decreases HBV preS2 protein expression. (a) Hep38.7-tet cells were cultured long-term 
with or without tetracycline (Tet). HBV preS2 protein expression was determined by Western blotting. Let-7 g 
overexpression suppressed preS2 protein levels. Representative results from three independent experiments are 
shown. (b) Hep38.7-tet and stable let-7 g-overexpressing Hep38.7-tet cells were cultured without tetracycline 
(Tet), and then HBV transcription was shut off by adding tetracycline (Tet). PreS2 protein levels were 
determined at the indicated time points by Western blotting. LIN28B expression levels were also evaluated. 
Representative results from three independent experiments are shown. (c) HBV cccDNA levels in the indicated 
cells with or without Tet were determined by Southern blotting. DNA extracted by the Hirt method was 
applied. Mitochondrial DNA (mtDNA) was used as the loading control. Heat-denatured DNA indicated the 
disappearance of double-stranded DNA. Double-stranded linear full-length HBV DNA (dsL) was used as 
a 3.2 kb marker (Mr). RC, relaxed circular DNA. ccc, cccDNA. SS, single stranded DNA. A short-exposure 
image is also shown to identify cccDNA (right). Representative results from three independent experiments are 
shown.
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the effects of let-7 g on cccDNA production may be complexed. The inhibitory effects on cccDNA production by 
let-7 g may be due to the decreased large S protein, direct effects of let-7 on cccDNA production, or indirect effects 
via let-7 g function on expression level changes of its target host genes. In addition, the fact that the sequence 
focused is in the overlapped sequences as templates for preS2 protein and polymerase makes the overall effects 
on cccDNA levels more complicated. The details of the effects on cccDNA by let-7 g expression or targeting the 
corresponding sequences need to be further determined.

Based on the results in this study, supplementation of let-7 g into infected hepatocytes may be beneficial to 
both the prevention of tumorigenesis and the inhibition of viral envelop protein production. Although LIN28B 
may not express a lot in non-inflammated or non-transformed hepatocytes, once it starts to transcribe, the 
post-transcriptional regulation must become crucial. The HBV large S transcript transgenic mice here did not show 
any spontaneous tumorigenesis without DEN treatment, suggesting that the targeted transcripts such as LIN28B 
mRNA need to be transcribed even at low levels to be targeted and modified post-transcriptionally. It may be impor-
tant to determine which genes are indeed affected by the impaired host miRNA by the existence of HBV transcripts 
during the steps of chronic hepatitis and to determine the most appropriate timing for the supplementation of let-7 g 
into hepatocytes, to overcome the pathogenesis induced by the existence of HBV transcripts in hepatocytes.

In summary, we have shown that HBV preS2 transcript can be targeted by host cellular let-7 g, which may 
mutually anatagonize the intrinsic let-7 g function and HBV replication. Although the biological effects by 
the interaction between host and viral proteins on pathogenesis have been extensively studied, determining 
RNA-RNA interactions between the host and pathogens, and their biological roles, including viral intermediate 
transcripts, may shed new light on the pathogenesis of chronic pathogen infection.

Methods
Cell culture.  The human HCC cell lines Huh7 and HepG2 cells were obtained from the American Type Culture 
Collection (ATCC, Rockville, MD, USA). HepG2.2.15. cells were obtained from Dr. Acs20. Cells were maintained 
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Hep38.7 cells 
carrying the highest HBV replication levels, subcloned from HepAD38 cells, which are derived from a HepG2 cell 
line supporting tetracycline-inducible HBV replication, were kindly provided by Dr. Watashi25. The cells were main-
tained in Ham’s F-10/DMEM culture media supplemented with 10% doxycycline-free FBS with or without 1 μg/ml 
doxycycline to maintain the repression of HBV expression or to maintain HBV replication, respectively.

Reagents.  Doxycycline and doxycycline-free FBS were obtained from Clontech (Mountain View, CA, USA).

Antibodies.  Details are in the Supplementary Methods.

Western blotting, transfection, and dual luciferase assays.  Western blotting, transient transfection, 
and dual luciferase assays were performed as we described previously46.

Plasmids.  To construct the HBV large S mRNA-expressing plasmid, the large S region was amplified by PCR 
from genomic DNA of HepG2.2.15 cells, which harbor the genotype D HBV genome, was cloned into the pCDH 
vector (System Biosciences, Mountain View, CA, USA) by the In-Fusion cloning procedure (Clontech) at the NotI 
restriction site. To exclude the effects of protein products generated from the expression construct, we introduced 
point mutations to create stop codons just downstream of each translational start site of the large S, middle S, and 
small S proteins by mutagenesis using the Quik Change II Site-directed Mutagenesis Kit (Stratagene, Heidelberg, 
Germany), according to the manufacturer’s instructions. Additionally, to introduce mutations into the seed 
region putatively targeted by let-7, another mutagenesis was performed to introduce mutations (ACACUCCA to 
TCTCUCCA) into pCDH-large S–S, constructing pCDH-large S-SM.

The firefly luciferase-based reporter carrying let-7 g- and miR103-responsive elements in its 3′  untrans-
lated region, to examine corresponding miRNA function (pGL4-let-7 g and pGL4-miR103), and the internal 
control renilla luciferase-based plasmids (pGL4-TK) have been described previously47. Let-7 g and miR103 
precursor-expressing plasmids were constructed previously48,49. The pCDH control vector (System Biosciences) 
was used as a negative control. For transient assays, 2 ×  105 cells were seeded onto 6-well plates the day before 
transfection and 0.2 μg reporter plasmids (pGL4-let-7 g and pGL4-miR103) or empty vector (pGL4 vector) 
were transfected with 0.4 μg control vector (pCDH), pCDH-large S-S, or pCDH-large S-SM plasmids. When 
examining the effects of forced expression of miRNAs, 0.4 μg Let-7 g or miR103 precursor-expressing plasmids 
(pCDH-let-7 g or pCDH-miR103) were transfected simultaneously.

Mouse experiments and construction of transgenic mice.  Mouse experimental protocols were 
approved by the Ethics Committee for Animal Experimentation at the University of Tokyo (#13-P-54), and exper-
iments were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals of the 
University of Tokyo.

To establish large S mRNA-expressing transgenic mice with and without mutations in the let-7 g-specific seed 
sequences, a DNA fragment of 2,535 bp, containing the CMV promoter region, the coding region of the large S 
mRNA, and a transcriptional terminator, was excised from the pcDNA3.1-Large S–S or pCDNA3.1-Large S-SM 
plasmids and subcloned into the EcoRI sites of pCDH-large S–S and pCDH-large S-SM by the In-Fusion method, 
as described above, by digestion with NruI and DraIII. Stable C57BL/6 embryonic stem (ES) cell lines were gen-
erated by electroporation of the linearized transgene, and the resulting cells were injected into blastocysts by the 
UNITECH Company (Chiba, Japan). Genotyping of DNA isolated from tail snips was performed by PCR. Primer 
sequences used for genotyping were 5′ -AGG AGC AGT AAA CCC TGT TCC-3′  and 5′ -CCT TGA TAG TCC 
AGA AGA ACC-3′ .
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RNA isolation, reverse transcription, PCR analysis, in vitro translation, and Immunohistochemistry.  
Details are in the Supplementary Methods.

In silico microRNA target prediction.  Homologies between HBV sequences and human miRNAs were 
examined using the miRBase database50. The top 10 sequences with highest homologies were subsequently tested 
if they are miRNA targets in the RNA22 database based on the predicted thermodynamics51. Through these  
in silico selections, the highest probabilities were attributed to the HBV preS2 sequences and let-7 g.

HBV sequence alignment.  Representative HBV genotypes A, B, C, and D were selected by referring to a 
previous study10, and their sequences were extracted from the HBV sequence database, Hepatitis Virus Database 
(http://s2as02.genes.nig.ac.jp/index.html)21. The sequences were aligned in parallel using Genetyx 9 software. 
Information regarding the deletions and mutations in PreS regions was obtained from previous reports23,24,43,44.

Ago2 immunoprecipitation and miRNA quantitation.  Details are in the Supplementary Methods.

DEN-induced experimental hepatocarcinogenesis.  A single i.p. injection of 10 μg/g DEN in PBS was 
administered to the control, HBV-large S–S, and HBV large S-SM transgenic mice at 15 days of age. The mice 
were weaned at 3 weeks and kept in a temperature-controlled ventilated hood under a 12-h light-dark cycle, with 
free access to standard mouse chow and water. Transgenic and control mice (8/group) were sacrificed 16 weeks 
after DEN injection. The number and size of the grossly visible tumors were recorded. The liver sections were 
stained with H&E.

Southern hybridization for HBV cccDNA.  To extract cccDNA from the cells, a Hirt protein-free DNA 
extraction procedure52 was used. Briefly, after adding SDS to the cells, 1 M NaCl precipitated cellular chromatin 
and covalently bound proteins. Protein-fee DNA including cccDNA and deproteinized relaxed circular DNA 
were subsequently extracted from the supernatant by organic phenol.

To confirm equal DNA loading amounts, mitochondrial DNA was detected on the same membrane after strip-
ping the probes. Primers AAC TAC GAA CGT ATT CAC AGC CG and GAA TTC TAT GAT GGA TCA GGT 
were used to generate the DIG-labelled probes against mitochondrial DNA53.

Detailed protocols for Southern blotting are in the Supplementary Methods.

Statistical analysis.  When the variances were equal, statistically significant differences between groups were 
identified using the Student’s t-test. When variances were unequal, Welch’s t-test was used instead. P values less 
than 0.05 were considered to indicate statistical significance.

References
1.	 Lewis, B. P., Burge, C. B. & Bartel, D. P. Conserved seed pairing, often flanked by adenosines, indicates that thousands of human 

genes are microRNA targets. Cell 120, 15–20, doi: 10.1016/j.cell.2004.12.035 (2005).
2.	 Bartel, D. P. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 281–297 (2004).
3.	 Ambros, V. The functions of animal microRNAs. Nature 431, 350–355 (2004).
4.	 Lu J. et al. MicroRNA expression profiles classify human cancers. Nature 435, 834–838 (2005).
5.	 Poliseno, L. et al. A coding-independent function of gene and pseudogene mRNAs regulates tumour biology. Nature 465, 

1033–1038, doi: 10.1038/nature09144 (2010).
6.	 Tay, Y., Rinn, J. & Pandolfi, P. P. The multilayered complexity of ceRNA crosstalk and competition. Nature 505, 344–352, doi: 

10.1038/nature12986 (2014).
7.	 Mittal, S. & El-Serag, H. B. Epidemiology of hepatocellular carcinoma: consider the population. J Clin Gastroenterol 47 Suppl, S2–6, 

doi: 10.1097/MCG.0b013e3182872f29 (2013).
8.	 Chen, D. S. From hepatitis to hepatoma: lessons from type B viral hepatitis. Science 262, 369–370 (1993).
9.	 Norder, H. et al. Genetic diversity of hepatitis B virus strains derived worldwide: genotypes, subgenotypes, and HBsAg subtypes. 

Intervirology 47, 289–309, doi: 10.1159/000080872 (2004).
10.	 Tatematsu, K. et al. A genetic variant of hepatitis B virus divergent from known human and ape genotypes isolated from a Japanese 

patient and provisionally assigned to new genotype J. J Virol 83, 10538–10547, doi: 10.1128/JVI.00462-09 (2009).
11.	 Yuen, M. F. & Lai, C. L. Treatment of chronic hepatitis B: Evolution over two decades. J Gastroenterol Hepatol 26 Suppl 1, 138–143, 

doi: 10.1111/j.1440-1746.2010.06545.x (2011).
12.	 Tuttleman, J. S., Pourcel, C. & Summers, J. Formation of the pool of covalently closed circular viral DNA in hepadnavirus-infected 

cells. Cell 47, 451–460 (1986).
13.	 Gottwein, E. & Cullen, B. R. Viral and cellular microRNAs as determinants of viral pathogenesis and immunity. Cell Host Microbe 

3, 375–387, doi: 10.1016/j.chom.2008.05.002 (2008).
14.	 Jopling, C. L., Norman, K. L. & Sarnow, P. Positive and negative modulation of viral and cellular mRNAs by liver-specific microRNA 

miR-122. Cold Spring Harb Symp Quant Biol 71, 369–376, doi: 10.1101/sqb.2006.71.022 (2006).
15.	 Umbach, J. L. et al. MicroRNAs expressed by herpes simplex virus 1 during latent infection regulate viral mRNAs. Nature 454, 

780–783, doi: 10.1038/nature07103 (2008).
16.	 Cazalla, D., Yario, T., Steitz, J. A. & Steitz, J. Down-regulation of a host microRNA by a Herpesvirus saimiri noncoding RNA. Science 

328, 1563–1566, doi: 10.1126/science.1187197 (2010).
17.	 Li, C. et al. Hepatitis B virus mRNA-mediated miR-122 inhibition upregulates PTTG1-binding protein, which promotes 

hepatocellular carcinoma tumor growth and cell invasion. J Virol 87, 2193–2205, doi: 10.1128/JVI.02831-12 (2013).
18.	 Liu, N. et al. Hepatitis B virus inhibits apoptosis of hepatoma cells by sponging the MicroRNA 15a/16 cluster. J Virol 87, 

13370–13378, doi: 10.1128/JVI.02130-13 (2013).
19.	 Liang, H. W. et al. Hepatitis B virus-human chimeric transcript HBx-LINE1 promotes hepatic injury via sequestering cellular 

microRNA-122. J Hepatol 64, 278–291, doi: 10.1016/j.jhep.2015.09.013 (2016).
20.	 Sells, M., Chen, M. & Acs, G. Production of hepatitis B virus particles in Hep G2 cells transfected with cloned hepatitis B virus DNA. 

Proc Natl Acad Sci USA 84, 1005–1009 (1987).
21.	 Shin-I, T., Tanaka, Y., Tateno, Y. & Mizokami, M. Development and public release of a comprehensive hepatitis virus database. 

Hepatol Res 38, 234–243, doi: 10.1111/j.1872-034X.2007.00262.x (2008).

http://s2as02.genes.nig.ac.jp/index.html


www.nature.com/scientificreports/

9Scientific Reports | 6:23237 | DOI: 10.1038/srep23237

22.	 Scisciani, C. et al. Transcriptional regulation of miR-224 upregulated in human HCCs by NFκ B inflammatory pathways. J Hepatol 
56, 855–861, doi: 10.1016/j.jhep.2011.11.017 (2012).

23.	 Yeung, P. et al. Association of hepatitis B virus pre-S deletions with the development of hepatocellular carcinoma in chronic hepatitis 
B. J Infect Dis 203, 646–654, doi: 10.1093/infdis/jiq096 (2011).

24.	 Kao, J. H. et al. Fine mapping of hepatitis B virus pre-S deletion and its association with hepatocellular carcinoma. Liver Int 32, 
1373–1381, doi: 10.1111/j.1478-3231.2012.02826.x (2012).

25.	 Ogura, N., Watashi, K., Noguchi, T. & Wakita, T. Formation of covalently closed circular DNA in Hep38.7-Tet cells, a tetracycline 
inducible hepatitis B virus expression cell line. Biochem Biophys Res Commun 452, 315–321, doi: 10.1016/j.bbrc.2014.08.029 (2014).

26.	 Ladner, S. K. et al. Inducible expression of human hepatitis B virus (HBV) in stably transfected hepatoblastoma cells: a novel system 
for screening potential inhibitors of HBV replication. Antimicrob Agents Chemother 41, 1715–1720 (1997).

27.	 Levrero, M. et al. Control of cccDNA function in hepatitis B virus infection. J Hepatol 51, 581–592, doi: 10.1016/j.jhep.2009.05.022 
(2009).

28.	 Lentz, T. B. & Loeb, D. D. Roles of the envelope proteins in the amplification of covalently closed circular DNA and completion of 
synthesis of the plus-strand DNA in hepatitis B virus. J Virol 85, 11916–11927, doi: 10.1128/JVI.05373-11 (2011).

29.	 Cullen, B. R. Viruses and microRNAs: RISCy interactions with serious consequences. Genes Dev 25, 1881–1894, doi: 10.1101/
gad.17352611 (2011).

30.	 Roush, S. & Slack, F. J. The let-7 family of microRNAs. Trends Cell Biol 18, 505–516, doi: 10.1016/j.tcb.2008.07.007 (2008).
31.	 Kumar, M. S., Lu, J., Mercer, K. L., Golub, T. R. & Jacks, T. Impaired microRNA processing enhances cellular transformation and 

tumorigenesis. Nat Genet 39, 673–677, doi: 10.1038/ng2003 (2007).
32.	 Lee, Y. S. & Dutta, A. The tumor suppressor microRNA let-7 represses the HMGA2 oncogene. Genes Dev 21, 1025–1030, doi: 

10.1101/gad.1540407 (2007).
33.	 Boyerinas, B. et al. Identification of let-7-regulated oncofetal genes. Cancer Res 68, 2587–2591, doi: 10.1158/0008-5472.CAN-08-

0264 (2008).
34.	 Piskounova, E. et al. Lin28A and Lin28B inhibit let-7 microRNA biogenesis by distinct mechanisms. Cell 147, 1066–1079, doi: 

10.1016/j.cell.2011.10.039 (2011).
35.	 Viswanathan, S. R. et al. Lin28 promotes transformation and is associated with advanced human malignancies. Nat Genet 41, 

843–848, doi: 10.1038/ng.392 (2009).
36.	 Nguyen, L. H. et al. Lin28b is sufficient to drive liver cancer and necessary for its maintenance in murine models. Cancer Cell 26, 

248–261, doi: 10.1016/j.ccr.2014.06.018 (2014).
37.	 Guo, Y. et al. Identification and characterization of lin-28 homolog B (LIN28B) in human hepatocellular carcinoma. Gene 384, 

51–61, doi: 10.1016/j.gene.2006.07.011 (2006).
38.	 Tseng, T. C. et al. High levels of hepatitis B surface antigen increase risk of hepatocellular carcinoma in patients with low HBV load. 

Gastroenterology 142, 1140–1149 e1143; quiz e1113-1144, doi: 10.1053/j.gastro.2012.02.007 (2012).
39.	 Yang, H. I. et al. Hepatitis B e antigen and the risk of hepatocellular carcinoma. N Engl J Med 347, 168–174, doi: 10.1056/

NEJMoa013215 (2002).
40.	 Orito, E. et al. Risk of hepatocellular carcinoma in cirrhotic hepatitis B virus patients during nucleoside/nucleotide analog therapy. 

Hepatol Res 45, 872–879, doi: 10.1111/hepr.12427 (2015).
41.	 Chisari, F. V. et al. Molecular pathogenesis of hepatocellular carcinoma in hepatitis B virus transgenic mice. Cell 59, 1145–1156 

(1989).
42.	 Toshkov, I., Chisari, F. V. & Bannasch, P. Hepatic preneoplasia in hepatitis B virus transgenic mice. Hepatology 20, 1162–1172 (1994).
43.	 Takahashi, K., Akahane, Y., Hino, K., Ohta, Y. & Mishiro, S. Hepatitis B virus genomic sequence in the circulation of hepatocellular 

carcinoma patients: comparative analysis of 40 full-length isolates. Arch Virol 143, 2313–2326 (1998).
44.	 Pollicino, T. et al. Impact of hepatitis B virus (HBV) preS/S genomic variability on HBV surface antigen and HBV DNA serum levels. 

Hepatology 56, 434–443, doi: 10.1002/hep.25592 (2012).
45.	 Nassal, M. HBV cccDNA: viral persistence reservoir and key obstacle for a cure of chronic hepatitis B. Gut 64, 1972–1984, doi: 

10.1136/gutjnl-2015-309809 (2015).
46.	 Kojima, K. et al. MicroRNA122 is a key regulator of alpha-fetoprotein expression and influences the aggressiveness of hepatocellular 

carcinoma. Nat Commun 2, 338 (2011).
47.	 Takata, A. et al. MicroRNA-140 acts as a liver tumor suppressor by controlling NF-κ B activity by directly targeting DNA 

methyltransferase 1 (Dnmt1) expression. Hepatology 57, 162–170, doi: 10.1002/hep.26011 (2013).
48.	 Yoshikawa, T. et al. ROCK inhibition enhances microRNA function by promoting deadenylation of targeted mRNAs via increasing 

PAIP2 expression. Nucleic Acids Res 43, 7577–89, doi: 10.1093/nar/gkv728 (2015).
49.	 Ohno, M. et al. The flavonoid apigenin improves glucose tolerance through inhibition of microRNA maturation in miRNA103 

transgenic mice. Sci Rep 3, 2553, doi: 10.1038/srep02553 (2013).
50.	 Griffiths-Jones, S., Grocock, R. J., van Dongen, S., Bateman, A. & Enright, A. J. miRBase: microRNA sequences, targets and gene 

nomenclature. Nucleic Acids Res 34, D140–144, doi: 10.1093/nar/gkj112 (2006).
51.	 Miranda, K. C. et al. A pattern-based method for the identification of MicroRNA binding sites and their corresponding 

heteroduplexes. Cell 126, 1203–1217, doi: 10.1016/j.cell.2006.07.031 (2006).
52.	 Cai, D. et al. A southern blot assay for detection of hepatitis B virus covalently closed circular DNA from cell cultures. Methods Mol 

Biol 1030, 151–161, doi: 10.1007/978-1-62703-484-5_13 (2013).
53.	 Higuchi, Y. & Linn, S. Purification of all forms of HeLa cell mitochondrial DNA and assessment of damage to it caused by hydrogen 

peroxide treatment of mitochondria or cells. J Biol Chem 270, 7950–7956 (1995).

Acknowledgements
This work was supported by Grants-in-Aid from the Ministry of Education, Culture, Sports, Science and 
Technology, Japan (#25293076, #25860520, #26860492 and #24390183) (to M.O., T.K., T.Y. and K.K.), by the 
Program on the Innovative Development and the Application of New Drugs for Hepatitis B from Japan Agency 
for Medical Research and Development, AMED (to K.K.), and by grants from the Japan Prize Foundation  
(to T.K.), the Miyakawa Memorial Research Foundation (to M.Ohno).

Author Contributions
A.T. and M.O. planned the research and wrote the manuscript. A.T., M.O., T.K. and T.Y. performed majority of 
the experiments. K.K. supervised the entire project.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.

http://www.nature.com/srep


www.nature.com/scientificreports/

1 0Scientific Reports | 6:23237 | DOI: 10.1038/srep23237

How to cite this article: Takata, A. et al. Mutual antagonism between hepatitis B viral mRNA and host 
microRNA let-7. Sci. Rep. 6, 23237; doi: 10.1038/srep23237 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Mutual antagonism between hepatitis B viral mRNA and host microRNA let-7

	Results

	HBV preS2 mRNA interacts with cellular microRNA let-7 g. 
	HBV large S mRNA suppress let-7 g function. 
	Large S transcript transgenic mice are prone to chemically-induced liver tumor. 
	Let-7 g antagonizes HBV replication. 

	Discussion

	Methods

	Cell culture. 
	Reagents. 
	Antibodies. 
	Western blotting, transfection, and dual luciferase assays. 
	Plasmids. 
	Mouse experiments and construction of transgenic mice. 
	RNA isolation, reverse transcription, PCR analysis, in vitro translation, and Immunohistochemistry. 
	In silico microRNA target prediction. 
	HBV sequence alignment. 
	Ago2 immunoprecipitation and miRNA quantitation. 
	DEN-induced experimental hepatocarcinogenesis. 
	Southern hybridization for HBV cccDNA. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ HBV preS2 mRNA can be targeted by let-7.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ HBV preS2 mRNA inhibits let-7 g function.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Large S–S transgenic mice were prone to DEN-induced hepatocarcinogenesis.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Let-7 g decreases HBV preS2 protein expression.



 
    
       
          application/pdf
          
             
                Mutual antagonism between hepatitis B viral mRNA and host microRNA let-7
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23237
            
         
          
             
                Akemi Takata
                Motoyuki Otsuka
                Motoko Ohno
                Takahiro Kishikawa
                Takeshi Yoshikawa
                Kazuhiko Koike
            
         
          doi:10.1038/srep23237
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep23237
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep23237
            
         
      
       
          
          
          
             
                doi:10.1038/srep23237
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23237
            
         
          
          
      
       
       
          True
      
   




