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Abstract: The Let-7 microRNA (miRNA) family is frequently downregulated in multiple human tumors, including he-
patocellular carcinoma (HCC). Our previous report demonstrated that hepatitis B virus X protein (HBx) suppressed 
the expression of let-7 in HepG2 hepatoma cells. However, the underlying mechanisms were not elucidated. Lin28B 
is known to negatively regulate the maturation of let-7, and this prompted us to determine whether HBx acts through 
Lin28B to suppress let-7. Real-time reverse-transcription polymerase chain reaction (qRT-PCR) was performed to 
examine let-7 expression before and after treatment with c-Myc-and Lin28B-specific siRNAs in HepG2 cells stably/
transiently transfected with HBx. mRNA and protein analyses were employed to determine the correlation of HBx, 
c-Myc and Lin28B in HCC tissues and cells. Cell cycle and proliferation assays were performed to delineate the con-
sequences of Lin28B repression in HepG2 cells expressing HBx. Lin28B was overexpressed in HBx-transfected cells 
and HBV-infected liver tissues. HBx-c-Myc-Lin28B axis mediated the repression of let-7 in HepG2 cells. Reduced ex-
pression of Lin28B inhibited the growth and cell cycle progression of HepG2 cells by derepressing let-7 and repress-
ing c-Myc. There was not only a preliminary HBx-c-Myc-Lin28B-let-7 pathway but also another possible double-neg-
ative feedback loop between c-Myc/Lin28B and let-7 in HepG2 cells transfected with HBx, which together induced 
the deregulation of let-7. Lin28B has the potential to be a novel molecular target in the treatment of HBV+ HCC.
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Introduction

Non-coding RNAs (ncRNAs), such as siRNA, 
miRNA and long ncRNA, have been confirmed 
to participate in diverse eukaryotic cellular pro-
cesses, including proliferation, differentiation, 
apoptosis and death [1]. miRNAs are 18-24 
nucleotide RNAs that post-transcriptionally 
silence the expression of target mRNAs by 
degrading them or inhibiting their translation. 
First, the miRNA gene is transcribed as pri-miR-
NA, which is processed sequentially by 
DROSHA/DGCR8 (pre-miRNA) and Dicer1 to 
yield mature miRNAs. Increasing evidence has 
confirmed that the deregulation of miRNAs is 
related to many human diseases, including car-
cinogenesis, through the repression of target 
gene expression. miRNAs may play oncogenic 
or tumor suppressor roles according to their 
expression and function in tumors. The down-

regulation of the let-7 family is involved in the 
initiation and progression of many human 
tumors, including HCC [2], resulting in the re-
expression of oncogenes, such as Ras, 
HMAGA2, c-Myc, STAT3, Bcl-xL, caspase 3 and 
Lin28B [3]. 

The dysregulation of miRNA genes in malignan-
cy attributes to genome variations, epigenetic 
modifications and alterations in the biogenesis 
process. miRNAs are not only regulators but are 
also the targets of protein-coding genes, such 
as RNA-binding proteins. miRNAs are frequently 
involved in almost all tumor-signaling pathways. 
This is well illustrated by the direct induction of 
miR-15a/16-1, miR-34a, miR-23a, miR-26a, 
miR-143 and miR-145 by p53 in response to 
DNA damage [4]. These activated miRNAs 
induce cell cycle arrest and apoptosis, both of 
which are mechanisms of p53 protection of 
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cells against transformation. c-Myc directly 
induces the expression of the oncogenic miR-
17-92 cluster and represses the expression of 
the tumor-suppressor genes miR-34a, let-7 and 
miR-15a/16-1 [5]. In contrast, let-7 silences the 
expression of c-Myc and Lin28B, both of which 
are its own upstream regulator [6]. miRNAs and 
transcription factors are currently believed to 
co-regulate gene expression in the epigenome.

As a transactivating oncoprotein encoded by 
hepatitis B virus (HBV), HBx is associated with 
the initiation and progression of HCC [7]. 
Though HBx cannot directly bind to DNA, it 
alters host gene expression by activating cellu-
lar signal pathways (e.g., NF-κB, src, ras, AP-1, 
AP-2, PI3K/Akt, Jak/STAT, c-Myc, Smad, and 
Wnt) and by binding nuclear TFs (e.g., CREB, 
ATF-2, Oct-1, and TBP), these two modes of 
action contribute to malignant transition in 
hepatocytes [8]. Recently, it was reported that 
HBx transcript directly triggered the down-regu-
lation of miR-15a/miR-16-1 via the microRNA 
targeting sequences in the viral RNA [9]. 

Due to the pleiotropic functions of HBx, we pre-
viously sought to identify its effect on the host 
cellular miRNA expression [10]. Consistent with 
the report of Wang’s team [2], we found that 
HBx negatively regulates the expression of the 
let-7 family in vitro and in vivo. However, the 
underlying mechanisms of let-7 deregulation 
were not elucidated. Consistent with microar-
ray results, we further validated the repression 
of let-7 in HepG2 cell lines that were stably or 
transiently transfected with HBx, using qRT-
PCR. We demonstrated that HBx induced the 
upregulation of c-Myc in HepG2 cells [10], 
which is capable of transactivating Lin28B. As 
anticipated, Lin28B was overexpressed in 
HepG2 cells that expressed HBx and in HBV+ 
HCC tissues. Accordingly, the loss of c-Myc/
Lin28B function impaired the HBx-induced 
downregulation of let-7. Finally, Lin28B-specific 
siRNA inhibited the proliferation and cell cycle 
progression of HepG2 cells transfected with 
HBx. Moreover, we also found that there was 
not only a preliminary HBx-c-Myc-Lin28B-let-7 
pathway but also another possible feedback 
loop between c-Myc/Lin28B and let-7 in HepG2 
cells. These findings provide insight into mech-
anisms of HBx-induced miRNA deregulation 
and highlight the potential of targeting Lin28B 
as a treatment for HBV+ HCC.

Materials and methods

Cell culture and tissue 

Human hepatoma cell line HepG2 was pur-
chased from ATCC (American Type Culture 
Collection, Manassas, VA) and cultured in 
DMEM (Dulbecco’s modification of Eagle’s 
medium) (Gibco, Carlsbad, CA) supplemented 
with 10% fetal bovine serum (FBS) (Hyclone, 
South Logan, Utah). The HepG2 cells that were 
stably transfected with HBx or control vector 
included HepG2-vc, HepG2-hbx, HepG2-2.1 
and HepG2.2.15 were established and cultured 
as described [10]. All cell lines were maintained 
in a 5% CO2, humidified atmosphere. 

Clinical samples used for immunohistochemis-
try (IHC) were obtained from a human HCC tis-
sue array (LV8013; US Biomax), which con-
tained 19 HCCs, 1 intrahepatic cholangiocarci-
noma, 10 cirrhotic liver tissues and 10 normal 
liver tissues. Detailed information, including 
differentiation status, TNM grading and HBV/
HCV status, were also provided for each 
sample.

Oligoribonucleotides

All RNA oligoribonucleotides, including c-Myc, 
Lin28B-specific siRNA, and negative control 
small RNAs (NC), were purchased from 
Genepharma (Shanghai, China). The HBx-, 
c-Myc- and Lin28B-expressing plasmids were 
constructed as described [10]. The sequences 
of oligoribonucleotides were provided in Table 
S1.

Cell transfection

The transfection of RNA oligoribonucleotides 
was performed using Lipofectamine 2000 
(Invitrogen) according to the manufacturer’s 
instructions. Unless otherwise indicated, 50 
nM of RNA oligoribonucleotides was used in 
each transfection. 

Real-time reverse-transcription polymerase 
chain reaction (qRT-PCR) 

Total RNA was extracted with TRIzol reagent 
(Invitrogen). cDNA for qRT-PCR was synthesized 
with PrimeScript RT reagent Kit With gDNA 
Eraser (Takara Biotechnology, DaLian, China). 
The qRT-PCR assays were performed using the 
SYBR PrimeScript RT-PCR kit (Takara Biotech- 
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KeyGen Biotechnology, Nanjing, China) and 
analyzed using BD FACSCalibur flow cytometer.

Statistical analysis

Data were analyzed with SPSS 16.0, and the 
significance level was set at P < 0.05. The 
results of quantitative-PCR were compared 
using a Student’s t-test.

Results

Let-7 was downregulated in HepG2 cells ex-
pressing HBx

Our previous microarray assay demonstrated 
that let-7 was downregulated in HBx-expressing 
HCC cells [10], which was consistent with 
Wang’s report [2]. To extend our study, we con-
firmed significant repression of let-7 in HepG2 
cells stably and transiently transfected with 
HBx using qRT-PCR (Figure 1).

Interestingly, we found that the levels of let-7 
were inversely correlated with the levels of HBx 
at pro-apoptotic dosage (1.0 µg) during tran-
sient transfection (Figure 1B). Numerous apop-
totic cells appeared when we increased the 
dose of plasmid in HepG2 cells (data not 
shown). This was consistent with our previous 
experiments with the miR-16 family [10], which 
also suggested a non-coding RNA mechanism 
of the pro-/anti-apoptosis function of HBx [11, 
12]. However, the exact role of let-7 in the HBx-

Figure 1. Let-7 was downregulated in HepG2 cells that were stably and transiently transfected with HBx plasmid. 
A. Let-7 expression was measured using qRT-PCR and normalized by U6 expression in HepG2 cells that stably ex-
pressed HBx or control vector. B. The expression of let-7 normalized to U6 was detected by qRT-PCR in HepG2 cells 
transiently transfected with HBx-expressing plasmid or control vehicle. HepG2 cells were transfected with 0.6, 0.8 
and 1 µg PCDNA3.1-hbx or 0.6 µg PCDNA3.1 as a control. Cells were collected for analysis 48 h after each transfec-
tion. Data are presented as the mean ± SE fold change. (*P < 0.05, **P < 0.01, ***P < 0.001; Student’s t-test; n=3).

nology) for c-Myc, Lin28B and GAPDH. The 
assay kits for U6 and let-7 were purchased 
from Genepharma.

Immunoblots

Cell cytosolic protein fractions were prepared 
using RIPA buffer (Beyotime Biotechnology, 
Haimen, China). The antibodies used in west-
ern blotting and IHC were for Lin28B (ab71415, 
Abcam) and GAPDH (G9295; Sigma-Aldrich, 
USA). Western blots and IHC were performed 
according to standard procedures. 

Cell viability

Cell proliferation was analyzed with the Cell 
Counting Kit-8 (CCK-8; Dojindo Laboratories, 
Kumamoto, Japan). HepG2-hbx cells were treat-
ed with Lin28B or c-Myc siRNA, and the growth 
curve was determined by measuring the absor-
bance at 450 λ at 24 h, 48 h, 72 h and 96 h 
post-transfection.

Cell cycle analysis

Twenty-four hours after the siRNA and NC trans-
fections, the HepG2-hbx cells were treated with 
nocodazole (100 ng/ml, M1404, Sigma) for 20 
h. Floating and adherent cells were harvested, 
combined, washed once in phosphate-buffered 
saline (PBS), and fixed in 70% ethanol over-
night. The DNA content was then examined 
using the Cell Cycle Detection Kit (KGA512, 
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associated apoptosis of hepatocytes remains 
to be clarified. 

Lin28B was over-expressed in HepG2 cells ex-
pressing HBx and in HBV-infected tissues 

To elucidate the underlying mechanisms of 
HBx-induced let-7, we noted the report that 
Lin28B promoted tumorigenesis by blocking 
the biogenesis of pri-/pre-let-7 [13]. Lin28B 
was first cloned from and shown to be over-
expressed in HCC samples and cells [14]. As a 
result, we hypothesized that Lin28B was a 
downstream target of HBx and responsible for 
the suppression of let-7. qRT-PCR and western 
blot results showed that the mRNA and protein 
expression of Lin28B were significantly upregu-
lated in HepG2 cells expressing HBx (Figure 2A 
and 2B). Furthermore, IHC assay demonstrated 
that Lin28B expression was induced in HBV-
infected HCC tissues and cirrhotic livers com-
pared with normal liver (Figure 2C). Taken 
together, our results verified that there was a 

positive correlation between the expression of 
HBx/HBV and Lin28B in HCC tissues and cells. 

HBx-c-Myc-Lin28B pathway induced let-7 sup-
pression in HepG2 cells

We previously demonstrated that HBx induced 
the upregulation of c-Myc in HepG2 cells [10], 
whereas Lin28B transactivation was necessary 
for c-Myc to suppress let-7 [15]. We therefore 
hypothesized there might be a HBx-c-Myc-
Lin28B pathway accounting for the suppres-
sion of let-7 in HepG2 cells. We transfected 
HepG2-hbx cells with c-Myc/Lin28B-specific 
siRNAs and found that both siRNAs significantly 
reactivated the expression of let-7 (Figure 3C). 
This restoration of expression could also be 
reproduced in HepG2.2.15 cells (data not 
shown). These results suggest that HBx down-
regulates let-7 expression, at least partly, 
through the induction of Lin28B and/or c-Myc 
in HepG2 cells. 

Figure 2. Lin28B was overexpressed in HepG2 cells expressing HBx and HBV+ HCC tissues. (A) qRT-PCR and (B) rep-
resentative western blot results demonstrated that HBx upregulated Lin28B transcription and translation in HepG2 
cells. Relative Lin28B expression was normalized to GAPDH. The qRT-PCR data are presented as the mean ± SE fold 
change compared with HepG2-vc (*P < 0.05, **P < 0.01, ***P < 0.001; n=3, Student’s t-test). (C) The expression of 
Lin28B protein was detected by IHC. Representative results are presented. 
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Based on these findings, we carried out several 
other analyses to further clarify the HBx-c-Myc-
Lin28B pathway. Both c-Myc and Lin28B were 
transcriptionally activated in a dose-dependent 
manner in HepG2 cells transiently transfected 
with HBx (Figure 3A). We noticed that the mRNA 
of c-Myc and Lin28B were aberrantly upregu-
lated > 10-fold when HBx plasmid reached a 
pro-apoptotic dose (1.0 µg). Nonetheless, 
whether the upregulation of let-7 (Figure 1B) 
was a negative feedback for the aberrant acti-
vation of c-Myc and Lin28B or resulted from 
other pro-apoptotic mechanisms remains to be 

explored. Surprisingly, both c-Myc and Lin28B 
themselves are the targets of let-7 [16]. These 
results strongly suggest that there may be a 
double-negative feedback loop between c-Myc/
Lin28B and let-7. Next, we found that c-Myc and 
Lin28B transient transfection, respectively, 
could effectively activate the mRNA and protein 
expression of Lin28B in HepG2 cells (Figure 
3B). In addition, ectopically expressed Lin28B 
induced high expression of c-Myc (Figure 3B). 
This might be attributed to Lin28B-induced 
let-7 repression, which abrogated the post-tran-
scriptional silencing of c-Myc by let-7. 

Figure 3. HBx suppressed the expression of let-7 by activating c-Myc and Lin28B in HepG2 cells. A. qRT-PCR results 
showed that HBx upregulated the transcription of c-Myc and Lin28B in a dose-dependent manner in HepG2 cells. 
Relative c-Myc and Lin28B expression was normalized to GAPDH. HepG2 cells were transfected with 0.6, 0.8 and 
1 µg PCDNA3.1-hbx or 0.6 µg PCDNA3.1 as a control. Cells were collected for analysis 48 h after each transfection. 
B. qRT-PCR and representative western blot results showed that Lin28B and c-Myc were activated by ectopically ex-
pressed HBx, c-Myc and Lin28B in HepG2 cells. Relative expression of c-Myc and Lin28B was normalized to GAPDH. 
C, D. The relative expression of c-Myc, Lin28B and let-7 was analyzed by qRT-PCR at 48 h after the transfection of 
si-c-Myc/si-Lin28B into HepG2-hbx cells compared with the negative control (NC) siRNA transfectants, normalized 
to GAPDH and U6, respectively. The data are presented as the mean fold change ± SE. The qRT-PCR data are pre-
sented as the mean fold change ± SE compared with VC (n=3, Student’s t-test). (*P < 0.05, **P < 0.01, ***P < 0.001; 
n=3, Student’s t-test).
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Conversely, qRT-PCR assays demonstrated 
that either c-Myc- or Lin28B-specific siRNAs 
significantly downregulated the expression of 
Lin28B and c-Myc in HepG2-hbx cells (Figure 
3C). In contrast, let-7 was derepressed by these 
siRNAs (Figure 3D). 

In summary, our results suggest not only a 
feed-forward HBx-c-Myc-Lin28B-let-7 pathway 
but also another complex double-negative 
feedback loop between let-7 and Lin28B/c-Myc 
(Figure 4). However, more studies are needed 
to clarify this pathway. In particular the signifi-
cance of let-7 deregulation in dose-dependent 
transfection may aid in understanding the HBx-
induced malignant transition (survival or apop-
tosis) of hepatocytes during the acute/chronic 
HBV infection.  

Reduced expression of Lin28B inhibited the 
proliferation and cell cycle progression of 
HepG2-hbx cells

The dysregulation of the Lin28B-let-7-Lin28B 
loop is involved in the initiation and progression 
of hepatocarcinogenesis. We sought to deter-
mine the therapeutic potential of targeting 
Lin28B in HBV+ HCC in vitro. CCK-8 analysis 
showed that si-Lin28B and si-c-Myc significant-
ly inhibited the growth of HepG2-hbx cells at 48 
h, 72 h and 96 h post-transfection compared 
with NC-transfected cells (Figure 5A). 
Fluorescence-activated cell sorting (FACS) 
assays demonstrated that si-Lin28B transfec-
tion arrested HepG2-hbx cells at the G1 phase 
(Figure 5B). 

Discussion 

HBx, as a co-transactivator that promotes 
hepatocarcinogenesis mainly by altering the 

expression of HMGA2, p16 (INK4A), Bcl-xL, 
STAT3, caspase-3, c-Myc and Lin28B [2, 17-20]. 
Moreover, it has also been reported that HBx 
suppressed the expression of the let-7 family in 
HepG2 cells, and there was inversely correlat-
ed expression between HBx and the let-7 family 
in HBV+ HCC or in adjacent tissues [2]. However, 
the detailed mechanisms of HBx-induced let-7 
repression were not elucidated. We validated 
the repression of let-7 in HepG2 cells express-
ing HBx using qRT-PCR and delineated a pre-
liminary HBx-c-Myc-Lin28B-let-7 pathway in 
HepG2 cells in vitro. 

Several stemness-related genes, including 
Lin28, which are referred to as oncofetal genes, 
are thought to promote tumorigenesis upon re-
expression in somatic cells. Lin28 was initially 
identified in C. elegans, where it was shown to 
be responsible for the timing of development 
[21]. Physiologically, Lin28 is activated mainly 
in various stem cell populations and silenced in 
terminally differentiated somatic tissues. 
Recently, Lin28 was selected together with 
OCT4, NANOG and SOX2 to reprogram human 
somatic fibroblasts to pluripotency as a replace-
ment for c-Myc. Lin28B, as a homologue of 
Lin28, was first cloned from and shown to be 
overexpressed in human hepatocellular carci-
noma cells and clinical samples [14]. Lin28B 
facilitates cellular transformation in vitro, and 
overexpression is associated with advanced 
disease across multiple tumor types, including 
HCC, by blocking the biogenesis of let-7 [22]. 
Recently, we also reported that Lin28B pro-
motes colon cancer migration and recurrence 
[23]. We found that HBx induced the overex-
pression of Lin28B in hepatoma cells and tis-
sues (Figure 3). These results may partly 

Figure 4. Double-neg-
ative feedback loop 
between c-Myc/Lin- 
28B and let-7.

expression of protein-coding 
genes and physically binding to 
TFs. At present, miRNAs are 
most extensively documented 
in the role of regulating gene 
expression together with TFs. 
These observations prompted 
us to investigate the down-
stream miRNAs of HBx. We pre-
viously demonstrated that HBx 
caused widespread suppres-
sion of miRNAs, including let-7 
[10], the repression of which 
contributed to hepatocarcino-
genesis by derepressing the 
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explain why HBV+ HCCs consistently show much 
more aggressive tumor growth characteristics. 
Lin28B and let-7 antagonize each other, main-
taining a balancing equilibrium between these 
factors in tumorigenesis [6]. A rebalancing of 
the Lin28/let-7 regulatory loop could yield 
ALDH1+ cancer stem cells and drive liver can-
cer in murine models arising through a “repro-
gramming-like” mechanism [24, 25]. Our 
results illustrate the significance of HBx-
induced re-expression of Lin28B in HBV-
associated hepatocarcinogenesis.

The relationship between HBx and apoptosis is 
controversial. It has been reported that HBx 
could inhibit hepatocyte apoptosis either by 
inducing the NF-κB family [26], by inhibiting 
TGF-β-induced apoptosis [27], by recruiting the 
HBXIP/survivin complex [28] or by antagonizing 
the apoptotic function of p53 [12]. However, 
there is a p53-independent pro-apoptotic 
effect of HBx in vivo and in vitro [11]. The 
authors of this paper stated that HBx required 
an additional death stimulus to promote apop-
tosis when stably expressed at low levels in cell 
cultures, and they tested whether transient 
overexpression of HBx was sufficient to induce 
apoptosis. The results showed that transient 
overexpression of HBx induces apoptosis in 
HepG2 and MMHD3 cells. After the transfec-
tion of HepG2 cells with different amounts of 
pCMV-HBx, the percentage of apoptotic cells 
varied in a dose-dependent manner. Intere- 
stingly, we also found similar dose-dependent 
results when we transiently transfected 
pcDNA3.1-hbx plasmid into HepG2, SK-HEP-1 
and Huh7 cells [10]. Importantly, we observed 

that miR-16 and let-7 exhibited inversely corre-
lated expression with HBx when when HBx 
reached a pro-apoptotic dose in HepG2 cells 
(Figure 1B), both of miR-16 and let-7 are capa-
ble of inducing apoptosis. Meanwhile, the 
mRNA of c-Myc and Lin28B were upregulated  
> 10-fold with this dose of HBx (Figure 3A). 
Taken together, we propose that there is a 
c-Myc/Lin28B-let-7-c-Myc/Lin28B double-neg-
ative feedback loop in HepG2 cells.

In conclusion, our data suggests critical down-
stream roles for Lin28B in HBx-induced deregu-
lation of host cellular let-7 expression and 
increased proliferation of HepG2 cells. 
Targeting Lin28B should be considered as a 
prospective treatment for HBV+ HCC patients.
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Table S1. Sequences of RNA and DNA Oligonucleotides
Name Sense Strand (5’-3’) Antisense Strand (5’-3’)
siRNA Duplexes
    si-Lin28B-1 GGAAGGAUUUAGAAGCCUATT UAGGCUUCUAAAUCCUUCCTT
    si-Lin28B-2 GCAGAGAUCUCAGAACGGUTT ACCGUUCUGAGAUCUCUGCTT
    si-c-Myc-1 GGUCAGAGUCUGGAUCACCdTdT GGUGAUCCAGACUCUGACCdTdT
    si-c-Myc-2 AACCACAGAAACAACATCGATCCTGTCTC AAATCGATGTTGTTTCTGTGGCCTGTCTC
    NC UCACAACCUCCUAGAAAGAGUAGA UACUCUUUCUAGGAGGUUGUUAUU
Name Sense Primer (5’-3’) Antisense Primer (5’-3’)
Primers for qRT-PCR
    c-Myc GCAGCTGCTTAGACGCTGGA CGCAGTAGAAATACGGCTGCAC
    Lin28B GCCCCTTGGATATTCCAGTC TGACTCAAGGCCTTTGGAAG
    GAPDH ATCACCATCTTCCAGGAGCGA CCTTCTCCATGGTGGTGAAGAC


