Theranostics 2014, Vol. 4, Issue 12

1176

Ivyspring

Theranostics

International Publisher

2014; 4(12): 1176-1192. doi: 10.7150/thno.8715

Review

MicroRNAs Associated With HBV Infection And
HBV-related HCC
Kun-Lin Xie1, Yan-Ge Zhang2, Jun Liu3, Yong Zeng1, Hong Wu1
1.
2.
3.

The Department of Liver Surgery & Liver Transplantation Centre, West China Hospital, Sichuan University, Chengdu, 610041, China;
The Department of Burns and Plastic Surgery, West China Hospital, Sichuan University, Chengdu, 610041, China;
The Department of Pharmacy, West China Hospital, Sichuan University, Chengdu, 610041, China.

 Corresponding author: Department of Liver Surgery & Liver Transplantation Centre, West China Hospital, Sichuan University, No. 37,
Guo Xue Xiang, Chengdu 610041, Sichuan Province, China. Telephone: 86-28-85422323; Fax: 86-28-85422323 E-mail: wuhong@scu.edu.cn.
© Ivyspring International Publisher. This is an open-access article distributed under the terms of the Creative Commons License (http://creativecommons.org/
licenses/by-nc-nd/3.0/). Reproduction is permitted for personal, noncommercial use, provided that the article is in whole, unmodified, and properly cited.

Received: 2014.01.29; Accepted: 2014.08.10; Published: 2014.09.19

Abstract
Hepatitis B virus (HBV) infection is a global problem and a major risk factor for hepatocellular
carcinoma (HCC). microRNAs (miRNAs) comprise a group of small noncoding RNAs regulating
gene expression at the posttranslational level, thereby participating in fundamental biological
processes, including cell proliferation, differentiation, and apoptosis. In this review, we summarize
the roles of miRNAs in HBV infection, the recently identified mechanism underlying dysregulation
of miRNAs in HBV-associated HCC, and their association with hepatocarcinogenesis. Moreover,
we discuss the recent advances in the use of circulating miRNAs in the early diagnosis of HCC as
well as therapies based on these aberrantly expressed miRNAs.
Key words: MicroRNA, Hepatitis B virus, Hepatocellular carcinoma, Diagnosis, Therapy.

Introduction
miRNAs comprise a class of highly conserved
noncoding RNAs of approximately 22 nucleotides in
length. miRNAs regulate the expression of various
genes and have important roles in various cellular
processes, including cell proliferation, differentiation,
and apoptosis [1]. The primary miRNA transcripts
(pri-miRNAs) are synthesized by RNA polymerase II
and cleaved by RNase III Drosha to release precursor
miRNAs (pre-miRNAs) [2]. This processing is completed in the nucleus, after which pre-miRNAs are
exported from the nucleus to the cytoplasm by the
nuclear receptor exportin-5 [3, 4]. After the transport
of pre-miRNAs to the cytoplasm, they are processed
by the RNase III Dicer to release the approximately
22-nucleotide RNA duplexes that contain mature
miRNAs and the passenger miRNA strand [5, 6].
Mature miRNAs can interact with the 3′-untranslated
regions (UTRs) of target mRNAs to form
RNA-induced silencing complexes (RISCs), resulting
in the inhibition of translation or mRNA cleavage [5,

7-9]. Recent studies revealed that miRNAs can regulate gene expression at the posttranscriptional level
and have a role in regulating epigenetic machinery
[10-12]. By targeting proteins involved in DNA methylation and histone modification, miRNAs control
whether chromatin is in its accessible form. Given the
important roles of miRNAs in various pivotal biological processes, it is not surprising that dysregulated
miRNA expression has been implicated in a variety of
human diseases, including chronic hepatitis B virus
(HBV) infection and hepatocarcinogenesis [13].
HBV is a small, enveloped virus with a partly
double-stranded relaxed circular DNA (rcDNA) of 3.2
kb in length. HBV is the prototype member of the
Hepadnaviridae family, which has a strong preference for liver cells. After infecting hepatocytes, HBV
rcDNA is released into the nucleus and repaired to
form a covalently closed circular DNA (cccDNA),
which serves as the template for the transcription of
all viral RNAs. The HBV genome contains four overhttp://www.thno.org
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lapping open reading frames (ORFs). The preS–S region encodes the envelope proteins S (HBsAg), M
(pre-S2), and L (pre-S1), which contributes to HBV
binding to host–cell receptors and its release from
host cells. The preC–C region encodes the hepatitis B
core antigen (HBcAg) and hepatitis B e antigen
(HBeAg). HBcAg is the structural polypeptide of the
viral capsid, while the function of HBeAg is unclear.
The X region encodes the HBV x protein (HBx), which
regulates viral and host gene expression to facilitate
viral replication. Finally, the P region encodes viral
reverse DNA polymerase, which participates in DNA
synthesis and RNA encapsidation. There are two enhancers (enhancer I and II) and four promoters that
control the HBV transcription.
Globally, approximately 240 million people are
chronically infected with HBV [14], and approximately 25% of chronically HBV-infected individuals
eventually develop HCC. Moreover, approximately
60% of cases of HCC are associated with HBV infection in Africa and Asia. Mounting evidence indicates
that dysregulation of miRNA has important roles in
HBV infection and HBV-associated HCC. In this review, we discuss the HBV–miRNA interaction in HBV
infection and HBV-associated carcinogenesis. We focus on how miRNAs act as regulators of cellular de-
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fense systems against HBV infection, how HBV modulates cellular miRNAs to facilitate its replication, and
the alteration of miRNA signatures and their roles in
HBV-related tumorigenesis. Moreover, the recent
advances in miRNA-based diagnostic techniques and
therapies, primarily the nanoparticle (NP)-mediated
delivery of miRNAs for HCC therapy, are also reviewed and discussed.

Cellular miRNAs involved in the
HBV–host interaction
A large number of cellular miRNAs can modulate HBV gene expression and replication in a negative or positive manner depending on their own
physiological functions (Table 1). This is achieved by
directly targeting viral transcripts, indirectly regulating the critical transcription factors essential for HBV
gene expression and replication (Figure 1), and modulating the host immune system. While most miRNAs
exert an inhibitory effect on HBV replication, several
miRNAs, including miR-1, were reported to enhance
HBV replication. Taken together, considering all the
positive and negative effects, the miRNA machinery
appears to have a net negative impact on HBV infection [15].

Figure 1. Hepatitis B virus (HBV) genome and cellular microRNA (miRNA) target sites. The partially double-stranded genome is presented with transcription regulatory
elements. The viral open reading frames are shown as arrows immediately surrounding the genome. Viral enhancer I and II, promoters, DR1, and DR2 are indicated. The binding
positions of transcription factors and nuclear receptors on the HBV genome are shown (C/EBP: CAAT enhancer-binding protein; CREB: C-AMP-response element binding
protein; FXRA: farnesoid X receptor alpha; PPARα: peroxisome proliferator-activated receptor alpha; NFIB: nuclear factor I/B). Cellular factors known for regulating hepatitis B
virus (HBV) transcription and the positions of the binding sequences in HBV transcripts targeted by miRNAs are shown. Arrows indicate activation, while the bars indicate an
inhibitory effect of miRNAs on HBV transcription.
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Table 1. Dysregulated miRNAs involved in HBV infection.
miRNA

Known Functions

Effects on HBV transcription and replication

Reference

miRNAs modulate host immune system
miR-34a
Down
CCL22, Met
miR-146a
Up
STAT1
miR-155
Up
SOCS1

Expression

Metastasis (−)
n/a
Proliferation (+)

[21]
[20]
[16]

miR-548

n/a

Suppress HBV infection by inhibiting Tregs
Promote HBV infection by suppressing T cell function
Suppress HBV infection by augmenting IFN signaling pathway
Suppress HBV transcription
Promote HBV infection by targeting the 3′UTR of IFN-λ1

Suppress HBV infection by binding to HBx transcript

[15]

Suppress HBV infection by targeting HBV transcripts
Suppress HBV infection by targeting HBV mRNAs

[26]
[24, 66, 134]

Suppress HBV infection by interfere with the translation of HBsAg
mRNAs
Suppress HBV infection by targeting sequences of HBsAg coding region

[27, 28, 135,
136]
[23, 131,
137, 138]

Target HBx mRNA
Suppress HBV infection by targeting sequences of HBsAg pre-S1 region

[29]
[23, 139]

Enhance HBV replication by augmenting FXRA Expression
Inhibited HBsAg and HBeAg
Inhibit HBsAg/HBeAg secretion and HBV DNA replication

[42, 43]
[72, 86, 140]
[141]

Promote HBV infection through inhibiting HO-1 expression

[38, 39]

Represses HBV Replication
Suppress HBV infection by augmenting IFN signaling pathway
Suppress HBV transcription

[36]
[32]

Down

Confirmed targets

IFN-λ1

miRNAs target HBV transcripts
miR-15a
Down
HBp and HBx
mRNA
miR-17–92
Up
HBV transcripts
miR-122
Down
HBV mRNA

miR125a-5p

Up

HBsAg mRNA

miR199a-3p

Up

miR-205
miR-210

Down
Up

PAK4,mTOR
MET,
HBsAg S region
HBx mRNA
AIFM3,
HBsAg pre-S1 region

miRNAs target regulators of HBV infection
miR-1
Down
HDAC4, MET
miR-22
Up
HDAC4, ERα
miR-29c
Down
TNFAIP3
miR-122

Down

Cyclin G1
HO-1

miR-141
miR-155

n/a
Up

PPARα
C/EBP

miR-152

Down

DNMT-1

miR-372
miR-501

Up
Up

NFIB
HBXIP

Proliferation (−)
Apoptosis (+)
Proliferation (+)
Proliferation (−),
Invasion (−),
Apoptosis (+)
Proliferation (−)
Proliferation (−)
Liver fibrosis (+)
Liver injury (+)
Proliferation (−)
Growth (+)

Proliferation (−)
Proliferation (−)
Proliferation (−)
Apoptosis (+)
Proliferation (−),
Invasion (−),
Apoptosis (+)
n/a
Proliferation (+)
Metastasis (−),
Apoptosis (+)
Liver cirrhosis (+)
n/a

[17]

[46]
Promote HBV expression
Induced HBV replication

[35]
[40]

(+): promotion; (−): inhibition; Up: upregulated; Down: downregulated; CCL22: chemokine (C-C motif) ligand 22; STAT1: signal transducer and activator of transcription 1;
SOCS1: suppressor of cytokine signaling 1; C/EBP: CCAAT/enhancer binding protein; LKB1: liver kinase B1; PAK4: p21 protein (Cdc42/Rac)-activated kinase 4; mTOR:
mechanistic target of rapamycin; AIFM3: apoptosis-inducing factor- mitochondrion-associated 3; PPARα: peroxisome proliferator-activated receptor alpha; NFIB: nuclear
factor I/B; HO-1: heme oxygenase-1; HDAC: histone deacetylase; DNMT: DNA methyltransferase; ERα: estrogen receptor; TNFAIP3: tumor necrosis factor alpha-induced
protein 3; HBXIP: hepatitis B virus x interacting protein; n/a: not available.

miRNAs modulate the host immune system during HBV infection
The host immune response is an important factor
that partially determines whether HBV infection is
cleared or maintained. In this setting, it is not surprising that HBV has developed strategies to suppress
antiviral immune responses, thus facilitating its replication. miRNAs, whose roles in the immune system
have been extensively studied since their discovery,
were recently demonstrated to act as regulators of the
immune response upon HBV infection [16, 17]. The
results of several studies support the notion that
mammalian organisms may, through the interferon
(IFN) system, use miRNAs to defend against HBV
infection. For instance, miR-155, by suppressing suppressor of cytokine signaling 1 expression and subsequently activating the JAK/signal transducer and
activator of transcription (STAT) pathway, can en-

hance innate antiviral immunity and inhibit HBV
gene expression. Accordingly, it is likely that the upregulation of miR-155 observed in HBV-infected patients with HCC may first serve to antagonize HBV
infection; however, because of its oncogenic property,
a persistent upregulation of miR-155 may finally contribute to hepatocarcinogenesis [16, 18]. Another
miRNA, miR-548, unlike miR-155, can inhibit IFN-λ1
expression by targeting the 3′-UTR of IFN-λ1, thereby
facilitating viral replication [17]. Interestingly, endogenous miR-548 levels are suppressed during HBV
infection, and this could be a protective reaction of the
host against viral infection. Although these miRNAs
appear to play a role in antiviral defenses in humans,
it is also argued that viruses may utilize these miRNAs to suppress their own replication to evade immune elimination and establish a persistent infection
[19].
In contrast, some miRNAs may be employed by
http://www.thno.org
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the virus to impair the immune system. A recent
study by Wang et al. revealed that upregulated
miR-146a in patients with chronic HBV infection directly targets STAT1 mRNA, leading to impaired
T-cell function, which may contribute to immune defects during chronic viral infection [20]. miR-34a, the
direct regulator of chemokine (C–C motif) ligand 22
(CCL22), is suppressed in the presence of the HBV
genome. Decreased expression of miR-34a results in
the recruitment of regulatory T cells (Tregs) through
CCL22, a chemo-attractant for Tregs, subsequently
downregulating the antiviral activity of effector T
cells [21].

miRNAs directly target HBV transcripts
miR-32 was the first mammalian miRNA
demonstrated to exert antiviral activity [22]. This
miRNA can target ORF-2 of the primate foamy virus
type 1, thus inhibiting viral mRNA translation. Increasing numbers of studies documented that miRNAs could also repress HBV gene expression or replication by directly targeting its gene transcripts. In an
attempt to screen the targets of cellular miRNAs in
HBV transcripts that affect HBV replication, two different procedures have been used in previous studies.
One procedure involves screening miRNAs that can
modulate HBV gene expression and then pairing selected miRNAs with HBV sequences using computer
software to determine whether binding sites exist for
these miRNAs [23-26]. To identify host-coded miRNAs influencing HBV replication and gene expression, Zhang et al. employed a loss-of-function approach by transfecting HepG2 2.2.15 cells with antisense oligonucleotides (ASOs) of 328 identified human miRNAs and then measured the expression level
of HBsAg. The results illustrated that transfection of
ASOs of miR-184, miR-185, miR-196a, miR-199a-3p,
miR-210, and miR-217 caused a 1.4–1.6-fold increase
in HBsAg expression [23]. Further study using bioinformatics analysis identified putative binding sites for
miR-199a-3p and miR-210 in the HBsAg coding region
and HBV pre-S1 region, respectively. In another
study, Chen et al. first demonstrated the inhibitory
effect of miR-122 on HBV gene expression and replication, and then used computer programs (RNA22,
miRanda, and TargetScan algorithms) to predict a
target of miR-122 within the overlapping region of
HBV pre-C mRNA and pregenomic RNA. To verify
whether miR-122 binds the target HBV RNA sequence
via base pairing interactions, they introduced mutations in the “seed region” of miR-122 and its corresponding positions in the target sequence of HBV, and
then evaluated the effects of wild-type miR-122 and
mutated miR-122 molecules on wild-type-HBV and
mutated HBV gene expression. The results demon-
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strated that the HBsAg/HBeAg expression of
wild-type HBV was not repressed by synthetic mutated miR-122 mimics, and wild-type miR-122 mimics
did not significantly affect the protein expression of
the mutated HBV. However, the HBsAg/HBeAg expression of mutated HBV was inhibited by mutated
miR-122 mimics, which contained compensatory
mutations [24]. In a similar manner, two recent studies found that miR-15a and the miR-17–92 polycistron
could inhibit HBV replication by targeting the viral
transcripts [25, 26].
By contrast, the second procedure firstly predicts
the potential targets of human miRNAs in HBV sequences using computer software, followed by validation of these predicted targets for responsiveness to
human miRNAs. In a study by Potenza et al. the
computer program miRanda was used to scan genomes of HBV subtypes for the presence of target sites
of human miRNAs listed in miRBase. The researchers
found 7 promising targets site clustered in the viral
polymerase ORF and the overlapping surface antigen
ORF. Among these miRNAs, hsa-miR125a-5p was
validated to silence the 3037–3065 segment of the HBV
genome and interfere with the translation of viral
surface antigen mRNAs, thus reducing the amount of
secreted HBsAg [27]. Hsa-miR125a-5p, in turn, is upregulated by the HBx protein [28]. miR-205 has been
predicted to target HBx by target prediction software.
However, there was no experimental evidence to
support this prediction until a recent study demonstrated that HBx was indeed a direct target of miR-205
[29].

miRNAs target regulators of HBV infection
HBV transcripts are under the control of four
promoters and two enhancers (enhancer I and II). A
number of transcription factors and nuclear receptors
have been shown to interact with promoter/enhancer
elements to regulate HBV transcription. Some miRNAs have the ability to target these transcription factors, thus inhibiting HBV gene expression and replication. The CAAT enhancer-binding protein (C/EBP)
can bind and enhance HBV enhancer II and core
promoter, thereby promoting HBV transcription [30,
31]. miR-155, apart from regulating innate immunity,
has been demonstrated to target and negatively regulate C/EBP, resulting in the downregulation of HBV
transcription [32]. Protein kinase cAMP-dependent
catalytic β can induce CAMP response element-binding protein (CREB) phosphorylation and
cause CREB to dissociate from the HBV promoter [33].
Because CREB binding to the HBV promoter is required for HBV replication and gene expression [34],
indirect phosphorylation of CREB by its regulator
http://www.thno.org
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miR-372 eventually results in the downregulation of
HBV transcription. Furthermore, peroxisome proliferator-activated receptor alpha (PPARα), which binds
and transactivates HBV promoters, has a critical role
in HBV replication [35]. A recent study showed that
transfection with miR-141 mimics could repress
PPARα expression at both the transcriptional and
translational levels, which subsequently inhibited
HBV promoter transcription activities and thereby
suppressed HBV replication [36]. p53 can bind to HBV
enhancer elements and act as a suppressor of HBV
replication [37]. The inhibitory effect of p53 on HBV
replication is protected by miR-122, which prevents
cyclin G1 from interacting with p53 and blocking its
specific binding to HBV enhancer elements [38].
However, heme oxygenase-1 (HO-1), an anti-HBV
enzyme, is simultaneously targeted by miR-122; thus,
miR-122 may also promote HBV infection by repressing HO-1-mediated antiviral activity [39].
In constrast, another group of miRNAs may
target proteins that negatively regulate HBV replication. HBXIP, a HBX-binding protein, can reduce HBV
replication by interacting with a domain necessary for
HBX transactivation. However, miR-501 may negatively regulate HBXIP expression and facilitate HBV
replication [40]. Nuclear factor I/B (NFIB), a transcription factor, inhibits the enhancer I and core
promoter of HBV (ENI-Cp) on the HBV genome, thus
reducing viral HBsAg and HBeAg protein levels as
well as viral core-associated DNA levels. However,
the antiviral activity of NFIB was abolished by its
regulator-miR-372/373. Knockdown of NFIB by small
interfering RNA in HepG2 cells resulted in increased
HBV gene expression, whereas enhanced expression
of miR-372/373 stimulated the production of HBV
proteins [41].
Epigenetic modifications usually include DNA
methylation and histone modification. Many miRNAs
are suggested to be involved in epigenetic modifications to their target genes during HBV infection.
miR-1 may act on histone deacetylase 4 (HDAC4) and
thereby enhance HBV replication in an indirect man-

ner [42, 43]. Furthermore, transfection with miR-1
suppresses HDAC4 protein expression in HepG2.2.15
cells. Consequently, the downregulation of HDAC4
results in changes in the expression of many transcription factors, including an upregulation of farnesoid X receptor a, which can bind to the HBV core
promoter and enhance HBV transcription and replication [44]. Besides their involvement in histone
modification, miRNAs also influence viral cccDNA
methylation, thereby regulating HBV replication [13].
A study by Zhang et al. showed decreased miR-152
expression in the livers of HBX transgenic mice [45].
Further research demonstrated that miR-152 could
target DNA methyltransferase-1 (DNMT-1) and reduce its expression [46]. Alterations in the expression
of DNMTs have been indicated to affect HBV gene
expression and replication by promoting viral DNA
methylation [47].

miRNAs and HBV-associated hepatocarcinogenesis
Chronic HBV infection is a risk factor for HCC.
Increasing evidence indicates that HBV alters host
gene expression by upregulating or downregulating
selected miRNAs, which finally promote the development of HCC [48] (Table 2). Connolly et al.
screened the miRNA profiles of HBV-associated cirrhotic livers, HCC tissue, and matched normal liver
tissue; elevated expression of the miR-17–92 polycistron, and miR-21 was observed in cirrhotic livers and
HCC tissue [49]. Gao et al. investigated the expression
changes of 7 cancer-related miRNAs during the early
stages of HBV-associated hepatocarcinogenesis. They
found a persistent downregulation of miR-145 and
miR-199b as well as an upregulation of miR-224 associated with pre-malignant dysplastic nodules and the
development of HCC [50]. Further research demonstrated that these miRNAs might be involved in HCC
cell proliferation, migration, and invasion, and
changes in their expression were early events in the
development of HCC [50-53].

Table 2. Aberrantly expressed miRNAs in HBV-related hepatocellular carcinoma and their cellular targets.
miRNA
Let-7

Expression
Down

Upstream regulators
Lin28

Involvement in cellular process
Proliferation (−), migration (−), apoptosis (+)

Down
Down
Down
Up

Confirmed targets
STAT3, collagen type I a2, c-myc,
NGF, Bcl-xL, RAS, HMGA2
HDAC4, MET
BCL-2
Cyclin D1, NCOR2
E2F1

miR-1
miR-15a
miR-16
miR-17–92

n/a
n/a
c-Myc
E2F3,c-Myc

miR-18a
miR-21

Up
Up

ERα
PTEN, PDCD4

n/a
BMP2, BMP4,BMP6

miR-22

Down

n/a

miR-23b

Down

CDKN1A, ERα
HDAC4
uPA, MET

Proliferation (−)
Proliferation (−), apoptosis (+)
Proliferation (−), clonogenicity (−), apoptosis (+)
Proliferation (−), anchorage-independent growth
(−)
Proliferation (+)
Proliferation (−), anchorage-independent growth
(−), apoptosis (+),
Proliferation (−)

n/a

Proliferation (−), migration (−).

Reference
[28, 76, 90, 108,
132, 142-144]
[42, 43]
[15, 25, 48]
[48, 90]
[49, 145]
[73]
[49, 68, 69]
[72, 86, 140]
[97]

http://www.thno.org
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miR-26a

Down

miR-29a
miR-29c
miR-34a
miR-99a
miR-101

Up
Down
Down
Down
Down

miR-122

Down

miR-143
miR-145
miR-148a
miR-152
miR-155
miR-199a-3p
miR-222
miR-224

1181
hAFP-TERT

Proliferation (−),metastasis (−)

[146, 147]

n/a
n/a
TGF-β
n/a
c-Myc EZH2-

Migration (+)
Proliferation (−), apoptosis (+)
Metastasis (−)
Proliferation (−)
Metastasis (−), apoptosis (+),
Induce aberrant DNA methylation
Proliferation (−), invasion(−), apoptosis (+)

[99]
[141]
[21, 96]
[126]
[11, 62, 148-150]

Up
Down
Down
Down

ERα, IL-6
Cyclin D2
Cyclin E2
PTEN
TNFAIP3
CCL22, MET
IGF-1R, mTOR
DNMT3A, FOS,
MCL-1, EZH2PBF, ADAM10
Cyclin G1, Igf1R ADAM17, BCL-W
NDGR3
FNDC3B
HDAC2, ADAM17
HPIP, MET
DNMT1

Up
Down
Up
Up

SOX6
PAK4, mTOR
PPP2R2A
API-5 Smad4

n/a
Histone modiﬁcation
n/a
NF-κB

HBV mRNAs, HNF1A,
HNF3A, HNF3B
NF-κB
n/a
P53,Myc
n/a

Metastasis (+)
Proliferation (−), invasion (−)
Proliferation (−), metastasis (−)
Metastasis (−), apoptosis(+)
Induce aberrant DNA methylation
Proliferation (+)
Proliferation (−),apoptosis (+)
Metastasis (+)
Proliferation (+), metastasis (+)

[38, 66, 79, 93,
109, 110, 134,
151]
[45]
[85, 152]
[56, 98, 102]
[46]
[18]
[103, 131]
[101]
[52, 55, 153]

(+): promotion; (−): inhibition; Up: upregulated; Down: downregulated; HMGA2: high mobility group AT-hook 2; E2F1: E2F transcription factor 1; HPIP: pre-B cell leukemia
transcription factor-interacting protein; NCOR2: nuclear co-repressor 2; STAT3: signal transducer and activator of transcription 3; NGF: nerve growth factor; PTEN: phosphatase and tensin homolog; HDAC: histone deacetylase; ADAM: disintegrin and metalloprotease; PBF: pituitary tumor-transforming gene 1 binding factor; IGF1R: insulin-like growth factor 1 receptor; NDGR3: N-myc downstream-regulated gene; CDKN1A: cyclin-dependent kinase inhibitor 1A; ERα: estrogen receptor; PDCD4: programmed cell death 4; PAK4: p21 protein (Cdc42/Rac)-activated kinase 4; mTOR: mechanistic target of rapamycin; DNMT: DNA methyltransferase; TNFAIP3: tumor
necrosis factor alpha-induced protein 3; API-5: apoptosis inhibitor 5; CCL22: chemokine (C-C motif) ligand 22; uPA: urokinase-type plasminogen activator; FNDC3B:
ﬁbronectin type III domain containing 3B; PPP2R2A: protein phosphatase 2A subunit B; SOX6: sex-determining region Y box 6; n/a: not available.

HBV induces dysregulation of miRNAs
in HBV-related hepatocarcinogenesis
What is the cause of the dysregulation of miRNAs in HBV-associated HCC? Although the exact
mechanism is not fully understood, the present findings indicate a critical role of HBV, especially HBx, in
regulating these miRNAs (Figure 2). HBx is a 17-kDa
protein encoded by the X region of the HBV genome,
and it is implicated in cell proliferation, cell cycle
progress, apoptosis, metastasis, and genetic stability
[54]. HBx affects miRNA expression by acting on
multiple steps of miRNA processing.
At the transcriptional level, HBx modulates the
upstream transcriptional factors essential for miRNA
transcription. p53, a well-known tumor suppressor
that is frequently mutated in human cancers, can bind
to promoters of miRNAs, such as miR-23a, miR-34,
miR-125b, miR-148a, miR-192, and miR-200, thus upregulating these miRNAs. However, HBx can interact
with and inactivate p53, leading to decreased expression of these miRNAs. In addition to p53, HBx induces or inhibits the expression of several other transcription factors, such as nuclear factor kappa B
(NF-κB) and c-Myc, subsequently regulating miRNA
expression [21, 26, 45, 48, 55, 56].
Aberrant epigenetic modifications to miRNA
gene promoters by HBx represents another important
mechanism underlying dysregulated miRNAs. Shen
et al. analyzed 254 cytosine–phosphate–guanosine
(CpG) sites that covered 110 miRNAs from 62 patients
with HCC, most of who were HBV-infected. The re-

sults indicated that a total of 54 CpG sites from 27 host
genes displayed marked differences in DNA methylation levels between tumors and adjacent nontumor
tissues, with 53 sites being significantly hypermethylated in tumor tissues. Further research demonstrated that the aberrant DNA methylation status was
due to the dysregulated expression of miR-10a and
miR-196b, which served as regulators of the epigenetic machinery [57]. The PPARγ and retinoid X receptor alpha (RXRα)-binding complex can bind to the
miR-122 gene promoter and enhance miR-122 transcription. DNA methylation possibly has a negative
role in miR-122 expression, because treating HCC
cells with DNA methylation inhibitors can increase
the association of PPARγ or RXRα with the miR-122
gene promoter and upregulate miR-122 [58].
HBx-induced promoter hypermethylation is also involved in the regulation of miR-205 and miR-132 expression [12, 29]. In addition to methylation of CpG
islands on miRNA promoters, HBx-induced histone
modification also contributes to dysregulation of
miRNAs. Reportedly, cellular histone acetyltransferases, such as p300, and histone deacetylases, such as
HDAC1, are regulated by HBx [59]. A subsequent
study found that p300 overexpression might be partially responsible for the upregulation of miR-224 expression observed in patients with HCC [60]. Meanwhile, HBx can upregulate enhancer of zeste homolog
2 (EZH2), a histone lysine methyltransferase, which
epigenetically silences several anti-metastasis miRNAs, including miR-139-5p, miR-125b, miR-101, and
let-7c [61, 62]. Moreover, the step in which the
http://www.thno.org
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pri-miRNA is cleaved into a pre-miRNA is also affected by HBx. As previous studies indicated, HBx has
a role in regulating some key proteins of the miRNA
processing machinery, such as Drosha, to induce
dysregulation of miRNAs [63, 64].
Viral proteins other than HBx have also been
found to influence cellular miRNA profiles. Overexpressed HBsAg in HepG2 cells could upregulate 133
miRNAs and downregulate 9 miRNAs [65]. Furthermore, the HBx viral RNA also mediates dysregulation
of some miRNAs. As previously mentioned, two
known tumor suppressors, miR-15a and miR-16, are
directly downregulated by the HBx RNA [15, 25].
Additionally, a recent study showed that all HBV
mRNAs harbored a miR-122 complementary site, allowing these mRNAs to act as sponges to bind and
sequester endogenous miR-122 [66].
In a more direct mode of action, because miRNA-encoding genes are located in fragile sites of the
genome, frequent integration of HBV DNA into host
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chromosomes may increase chromosomal instability,
leading to dysregulation of miRNAs. For instance,
genes encoding miR-15 and miR-16 are located in the
region of chromosome 13q that is frequently deleted
in HBV-induced HCC [67].

miRNAs deactivate tumor suppressors in
HBV-related hepatocarcinogenesis
Tumor suppressors are often inactivated in the
initiation and progression of HCC through genetic
and epigenetic mechanisms. However, miRNA-mediated silencing may be another important
mechanism underlying the loss of tumor suppressors
(Figure 3). For instance, miR-21 has been identified as
an oncogenic miRNA by targeting programmed cell
death 4 (PDCD4), a tumor suppressor that induces cell
apoptosis. Upregulation of miR-21 by HBx suppresses
PDCD4 and eventually promotes hepatocarcinogenesis [68, 69].

Figure 2. Hepatitis B virus (HBV) infection alters microRNA (miRNA) profiles by acting on multiple steps of miRNA processing. At the transcriptional level, the HBV x protein
(HBx) can interact with some transcription factors such as p53, nuclear factor-kappa B (NF-κB), and c-Myc, subsequently regulating miRNA transcription. HBx can also regulate
the epigenetic machinery, which can determine whether the miRNA genes are accessible. Moreover, HBx may influence miRNA processing by inhibiting Drosha, which serves
as a processor of the miRNA machinery. Finally, when mature miRNAs are released, they may be counteracted by HBV mRNAs, which act as sponges of endogenous miRNAs,
forming the miRNA-induced silencing complexes (miRISC). Arrows indicate an activating effect of HBx on other transcriptional factors and proteins, whereas the bars indicate
an inhibitory effect. The red crosses indicate an inhibitory effect on gene transcription.
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Figure 3. Aberrant microRNAs and their targets involved in HBV-related hepatocarcinogenesis. HMGA2: high mobility group AT-hook 2; E2F3: E2F transcription factor 3;
STAT3: signal transducer and activator of transcription 3; PTEN: phosphatase and tensin homolog; HDAC: histone deacetylase; PBF: pituitary tumor-transforming gene 1 binding
factor; CDKN2A: cyclin-dependent kinase inhibitor 2A; ERα: estrogen receptor; PDCD4: programmed cell death 4; DNMT: DNA methyltransferase; GSTP1: glutathione
S-transferase pi; RASSF1: Ras association (RalGDS/AF-6) domain family member 1; CDH1: E-cadherin 1; TSLC1: tumor suppressor in lung cancer-1 gene; EZH2: enhancer of
zeste homolog 2; FUT2: fucosyltransferase 2. Arrows indicate an activating effect of miRNAs on their targets, whereas the bars indicate an inhibitory effect. Green miRNA:
upregulated; Red miRNA: downregulated.

Estrogen receptor α (ERα) protects females from
hepatocarcinogenesis through the estrogen signaling
pathway, which partially explains the sex disparity
characteristic in HCC [70, 71]. ERα is significantly
downregulated in HCCs, potentially because of
overexpression of some miRNAs, such as miR-22 and
miR-18a, which directly target ERα, thereby attenuating the protective effects of estrogens [72, 73]. By
contrast, overactivation of the androgen pathway
functions as a tumor-promoting factor in hepatocarcinogenesis in males. Chen et al. documented that
androgen receptor (AR) expression was significantly
elevated in HBV-related male HCC liver tissues,
suggesting a high activity of androgen pathway in
these patients. AR, as a transcription factor, activates
its target genes through binding with the corresponding androgen response element (ARE) residues
within the promoter regions. An ARE has also been
identified in the promoter of miR-216a. Thus, activation of the androgen pathway leads to the upregulation of miR-216a, which acts as oncogenic miRNA by
targeting the mRNA of the tumor suppressor in lung
cancer-1 gene (TSLC1) [74].

miRNAs permit oncogene expression in
HBV-related hepatocarcinogenesis
The upregulated expression of oncogenes is another important factor that contributes to hepatocarcinogenesis. In previous studies, we identified a cluster of miRNAs that upon downregulation are directly
responsible for the upregulation of some oncogenes
(Figure 3). For instance, let-7, the second miRNA
discovered, has been shown to regulate the expression
of a cluster of oncogenes, including c-Myc, RAS, high
mobility group AT-hook 2, and STAT3 [28, 75-77].
However, in the presence of HBx, let-7 expression is
suppressed, resulting in overexpression of its target
oncogenes and the promotion of hepatocarcinogenesis [28].
The pituitary tumor-transforming gene 1
(PTTG1) binding factor (PBF) promotes the transcriptional activities of PTTG1 by facilitating its nuclear
translocation. This in turn enhances the expression of
the target genes of PTTG1, such as VEGF, c-Myc, and
MMP-2, leading to HCC cell growth and invasion.
Normally, the expression of PBF is suppressed by
http://www.thno.org
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miR-122, the dominant miRNA in the liver. However,
with the downregulation of miR-122 in HCC, PBF
may be ectopically expressed because of the relief of
repression [66]. The expression of miR-15b is suppressed by HBx, which permits the expression of the
targeted gene of miR-15b, fucosyltransferase 2 (FUT2).
Upregulated FUT2 then activates its downstream
protein Globo H, resulting in HCC cell proliferation
[78]. These results suggest that HBx promotes tumorigenesis by employing miRNAs as its agents.
miRNAs can also interact with key cell cycle
regulators and regulate cell cycle progression. Cyclin
G1 is regulated by miR-122, and downregulation of
miR-122 has been shown to accelerate the cell cycle
[79]. The miR-16 family can target cyclin D1 and
thereby arrest the cell cycle in the G1 phase [48].
miR-26a and miR-195 can block G1/S transition by
repressing multiple molecules, such as cyclin D1, cyclin D2, cyclin E2, CDK6, and E2F transcription factor
3 [80, 81]. Therefore, the downregulation of these
miRNAs causes defects in cell cycle control, resulting
in the development and progression of HCC.
Abnormal epigenetic control is a common early
event in HCC progression. In addition to the epigenetic regulation of miRNA expression by HBx, many
miRNAs themselves can regulate the epigenetic machinery and epigenetically silence some tumor suppressors, subsequently promoting hepatocarcinogenesis [82, 83]. miR-152 has been shown to be involved
in epigenetic modification by regulating DNMT1
(maintenance DNMT). Compared with its expression
in adjacent noncancerous liver tissues, miR-152 is
frequently downregulated in HBV-related HCC tissues. Reduced expression of miR-152 results in elevated expression of its target gene DNMT1, which
then increases methylation levels of two tumor suppressor genes, glutathione S-transferase pi 1 (GSTP1)
and E-cadherin 1 [46]. DNMT3A, a DNA methyltransferase, is regulated by miR-101, an miRNA,
which when suppressed may cause abnormal DNA
methylation of several tumor-suppressor genes, including GSTP1, Ras association (RalGDS/AF-6) domain family member 1, and cyclin-dependent kinase
inhibitor 2A, in HCC cells [11]. Moreover, EZH2, a
histone lysine methyltransferase, is also a direct target
of the tumor suppressor miR-101 [84].
Meanwhile, HDACs (enzymes that remove acetyl groups from histone proteins) are proposed to act
as oncogenes by inhibiting tumor suppressor gene
transcription. HDAC2 is regulated by miR-145 [85],
and HDAC4 is a target of miR-22 [86]. Loss or suppressed expression of these miRNAs results in overexpression of histone deacetylases and the promotion
of HCC tumorigenesis.
Additionally, miRNAs can also modulate the
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expression of genes participating in the regulation of
protein phosphorylation, which usually results in the
activation of a signaling pathway involved in tumor
onset and progression. NF-κB-inducing kinase (NIK)
is a member of the mitogen-activated protein kinase
family that may either directly or indirectly phosphorylate or activate the IκB kinase α/β, leading to
the phosphorylation and degradation of IκBα, followed by NF-κB activation. Zhang et al. demonstrated
that NIK was a direct target of miR-520e; thus, the
reduced expression of miR-520e may be partially responsible for the activation of the NF-κB pathway in
HCC [87]. Another example is that miR-637 may
suppress autocrine leukemia inhibitory factor (LIF)
expression and exogenous LIF-triggered STAT3
phosphorylation, subsequently promoting the proliferation and metastasis of HCC [88].

miRNAs and the metastasis of
HBV-related HCC
Tumor metastasis is one of the most significant
processes that affect the clinical management and
long-term survival of patients with HCC. Investigators have identified miRNAs that may be involved in
HCC metastasis using miRNA expression screening
(Table 2). Budhu et al. examined the miRNA expression profiles of 482 cancerous and noncancerous
specimens of 241 patients with HCC, and they built a
unique 20-miRNA metastasis signature that could
significantly predict primary HCC tissues with venous metastasis from metastasis-free solitary tumors.
Furthermore, these miRNAs showed a significant
correlation with patient survival and disease relapse
[89]. By comparing the sequence information and
parallel miRNA and mRNA expression data between
patients with HBV-related HCC with or without venous metastasis, Zeng et al. identified miR-16,
miR-30a, let-7e, and miR-204 as key miRNA regulators that contribute to HBV-related HCC metastasis
[90].

miRNAs and epithelial-mesenchymal
transition (EMT) in HBV-related HCC
The EMT process, in which polarized immotile
epithelial cells are converted into motile mesenchymal
cells, is frequently activated and implicated in the
promotion of tumor invasion and metastasis [91].
EMT is characterized by the loss of cell adhesion,
downregulation of epithelial markers (E-cadherin,
occludins, and claudins), and upregulation of mesenchymal
markers
(vimentin,
fibronectin,
N-cadherin). Several oncogenic pathways, including
the transforming growth factor-β (TGF-β), Wnt, and
receptor tyrosine kinase (RTK)-mediated pathways,
have been shown to induce EMT. Meanwhile, nuhttp://www.thno.org
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merous miRNAs are involved in the regulation of
these pathways to regulate EMT-related HCC metastasis (Figure 4).

TGF-β signaling
TGF-β is a multifunctional factor that has critical
roles in HBV-related liver pathogenesis, including
HCC metastasis [92]. Growing evidence indicates that
TGF-β promotes tumor metastasis by activating its
downstream mediators, which usually leads to EMT.
Ras homolog family member A (RHOA) is a crucial
downstream mediator for TGF-β-mediated EMT. It
has been reported that miR-122 directly targets
RHOA, and that the downregulation of miR-122 will
relieve RHOA, which greatly promotes the migration
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and invasion of cancer cells through cytoskeletal rearrangements [93]. Moreover, miR-140-5p can suppress tumor metastasis by directly targeting the
TGF-β receptor 1 [94]. Zinc finger E-box 1 (ZEB1) and
ZEB2 are two downstream transcription factors of
TGF-β
signaling.
They
are
involved
in
TGF-β-mediated EMT by inhibiting E-cadherin transcription and promoting vimentin transcription. Kim
et al. documented that p53 regulated EMT by repressing the expression of ZEB1 and ZEB2 in
HBV-related HCC, and this regulation was mediated
by miR-200 and miR-192 family members, which directly targeted ZEB1 and ZEB2, respectively [95].

Figure 4. Involvement of microRNAs (miRNAs) in epithelial-mesenchymal transition (EMT)-related metastasis. miRNAs can regulate EMT by acting on several EMT-related
pathways, including transforming growth factor-β (TGF-β) signaling, receptor tyrosine kinase (RTK)-mediated pathways, and Wnt/β-catenin signaling. miR-140-5p can directly
target TGF-β receptor 1, miR-122 can target Ras homolog family member A (RHOA), and miR-192 and miR-200 can negatively regulate zinc finger E-box 1 (ZEB1) and ZEB2,
respectively, thus inhibiting TGF-β-mediated metastasis. The RTK-related pathways, including the Ras-Raf-MEK-ERK cascades and phosphatidylinositol 3-kinase (PI3K)-Akt
pathway, are also regulated by miRNAs. miR-1, miR-23b, miR-34a, and miR-148a can target c-Met, a RTK for hepatocyte growth factor (HGF). MiR-199a/b-3P can target p21
protein (Cdc42/Rac)-activated kinase 4 (PAK4), subsequently inhibiting Raf-MEK-ERK cascades. On the contrary, phosphatase and tensin homolog (PTEN) can be negatively
regulated by miR-21 and miR-29a, and miR-222 and miR-222 simultaneously target PP2A. miR-148a can also negatively regulate pre-B cell leukemia transcription factor-interacting protein (HPIP), an activator of both ERK and AKT. Moreover, miR-148a can target Wnt1 mRNA, thus blocking EMT mediated by Wnt/β-catenin-signaling in
hepatocellular carcinoma. EGF: epidermal growth factor; FGF: fibroblast growth factor. Arrows indicate an activating effect of miRNAs on their targets, whereas the bars indicate
an inhibitory effect. Green miRNA: upregulated; Red miRNA: downregulated.
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RTK-mediated pathways
c-Met is a RTK for the hepatocyte growth factor
(HGF). Activation of HGF by c-Met will induce
downstream signaling, including MAPK pathway
activation and inhibitory phosphorylation of glycogen
synthase kinase 3β (GSK-3β), which consequently
increases the nuclear accumulation of Snail, a transcription factor that promotes EMT. c-Met is frequently upregulated in many cancers including HCC,
which has recently been demonstrated to be caused
by dysregulation of several miRNAs, including
miR-1, miR-34a, miR-23b, and miR-148a. These
miRNAs are downregulated in HBV-related HCC
tissue, and they can directly target c-Met and inhibit
EMT in hepatoma cells [43, 96-98].
The phosphatidylinositol 3-kinase (PI3K)/AKT
signaling pathway is another component of
RTK-mediated pathways that promotes EMT-related
metastasis. Normally, PI3K/AKT signaling is negatively regulated by phosphatase and tensin homolog
(PTEN) and protein phosphatase 2A (PP2A). Silencing
of PTEN and PP2A will activate the PI3K/AKT
pathway and promote metastasis. In HBV-related
HCC, upregulated miR-29a, miR-21, and miR-222
may target PTEN [68, 99, 100], and miR-222 can simultaneously target PP2A [101], leading to tumor cell
metastasis. Moreover, miR-148a may regulate
PI3K/AKT signaling by targeting hematopoietic
pre-B cell leukemia transcription factor-interacting
protein, which activates AKT and ERK and thus
promotes EMT [102]. The inhibitory effect of miR-148a
on EMT was validated by another study, which verified that Met/Snail signaling is a downstream signaling pathway regulated by miR-148a [98].
In addition, RTK transduction also activates
downstream Raf/MEK/ERK signaling cascades.
However, a study by Hou et al. showed that
miR-199a/b-3p could regulate the Raf/MEK/ERK
pathway by targeting p21 protein (Cdc42/Rac)activated kinase 4, a direct regulator of Raf, thus
suppressing HCC progression [103].

Wnt/β-catenin signaling
Another pathway that mediates EMT in HCC is
Wnt/β-catenin
signaling.
Activation
of
Wnt/β-catenin signaling inhibits GSK-3β, which
phosphorylates β-catenin, targeting the protein for
degradation. A recent study demonstrated that
miR-148a could target Wnt1 mRNA, thus blocking
EMT of HCCs [104].
Some of the EMT markers are directly or indirectly regulated by miRNAs in other ways. miR-373
acts as a positive regulator of the expression of
E-cadherin, an epithelial marker discussed previously. Downregulation of miR-373 by HBx has been
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found to be correlated with repressed expression of
E-cadherin in both HBx-expressing cells and tissue
sections from HBV-infected patients, which subsequently leads to EMT [105]. Moreover, miR-9 can
downregulate KLF17 protein expression by directly
targeting the 3′-UTR region of the KLF17 gene. As a
transcription factor, KLF17 may interact with the
promoters of EMT-related genes (vimentin and fibronectin) in HCC cell lines and enhance EMT-related
metastasis [106]. Another study reported that overexpression of miR-194 suppressed the invasion and
migration of mesenchymal-like cancer cells by suppressing the expression of N-cadherin [107].

miRNAs regulate metastasis-related genes
Microarray analysis has identified sets of genes
that are associated with HCC invasion and metastasis.
miRNAs may act as upstream regulators of these
genes and play important roles in HCC metastasis.
let-7g acts as a suppressor of HCC metastasis by targeting collagen type I a2, a soluble collagen that contributes to HCC cell invasion and metastasis [108].
Zhang et al. identified the upregulation of miR-143 by
NF-κB in HBV-related HCC. Upon upregulation,
miR-143 suppressed the expression of fibronectin type
III domain containing 3B, a regulator of cell motility,
and thereby promoted HCC invasion and metastasis
[45]. Loss of miR-122 expression in liver cancer has
also been found to be correlated with the metastatic
properties of HCC [93]. This may be partially caused
by the upregulation of a disintegrin and metalloprotease 17 (ADAM17) and ADAM10, two oncogenes
that are targeted by miR-122 and involved in regulating cell adhesion, migration, and metastasis [109,
110].
miRNAs can also participate in immune-suppressive Foxp3(+) Treg recruitment, thereby creating a repressed immune surveillance microenvironment that facilitates the intrahepatic metastasis of HCC. In a mouse model of acute HBV infection,
initiation of HBV replication is accompanied by increased numbers of Tregs in the liver. These Tregs can
downregulate the antiviral activity of effector T cells
and suppress the recruitment of innate immune cells,
thereby limiting immune-mediated liver damage in
the phase of acute infection and simultaneously promoting persistent HBV infection [111]. When
HBV-infected patients develop HCC, the recruitment
of Tregs may facilitate the immune escape of HCC
cells, leading to the formation of intrahepatic metastasis. Yang et al. found that this pathologic process
was mediated by a miRNA, miR-34a. The presence of
the HBV genome could cause suppression of miR-34a
expression, subsequently relieving the expression of
its target,CCL22, a chemo-attractant for Tregs, and
http://www.thno.org
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promoted intrahepatic metastasis [21].

Diagnostic and therapeutic potential of
miRNAs
miRNAs in the diagnosis of HBV infection and
HBV-related HCC
It is proposed that cellular miRNAs may leak
from cells followingcell injury and death, reach the
blood circulation and stably exist in serum. It is hypothesized that the circulating miRNAs, in addition to
functioning within cells, may be secreted by specific
tissues or cells to act as “messengers” and mediate
cell–cell communication. This notion is supported by
a recent study that showed that circulating miRNAs
were taken up and then bound by Toll-like receptors
of recipient cells to induce a prometastatic inflammatory response [112]. In this setting, the serum miRNA
profile may reflect some pathological conditions, including chronic HBV infection and HBV-related HCC.
Ji et al. compared miRNA expression profiles in
HBV-infected serum with that in control serum, and
identified 9 differentially expressed miRNAs in
HBV-infected serum. Among these miRNAs, the expression of liver-specific miR-122 was significantly
upregulated. Further research indicated that miRNA-122 serum concentrations could help in differentiating individuals with or without HBV infection as
well as inactive carriers with high (>3500 IU/mL) or
low (<3500 IU/mL) HBsAg levels [113]. Additionally,
miR-122 serum levels have been found to be correlated with alanine aminotransferase levels, HBV DNA
expression, and liver injuries [114]. These results
suggest that serum miRNAs may serve as biomarkers
for diagnosis of HBV infection, particularly in patients
with occult hepatitis B virus infection (OBI). OBI is
characterized by the presence of HBV infection
without detectable HBsAg in the serum, and >20% of
OBI carriers are negative for all serum markers of
HBV infection [115]. Current blood screening practices largely rely on HBsAg detection, and the detection of HBV DNA does not always indicate infectivity.
Thus, the presence of OBI may increase the risk of
HBV infection during blood transfusion processes and
organ transplantation [116]. Nevertheless, aberrant
serum miRNA profiles provide clues for the identification of these types of patients. Chen et al. identified
4 miRNAs, let-7c, miR-23b, miR-122, and miR-150,
which were differentially expressed in serum from
patients with OBI compared with that from controls.
These miRNAs had a high accuracy (area under the
curve, AUC = 0.999) in discriminating patients with
OBI from those without OBI [117].
The early diagnosis of HCC is critically important for achieving a good prognosis. Currently, the
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diagnosis of HCC mainly relies on α-fetoprotein
(AFP) and imaging technology, including abdominal
ultrasonography, computed tomography, and magnetic resonance imaging [118]. These imaging techniques can detect HCC lesions as small as 1 cm in
diameter. However, their diagnostic accuracy depends on the tumor size and vascularity, and the associated high cost makes them unsuitable as routine
screening tools. AFP has long been used in the diagnosis of HCC and prediction of recurrence. However,
its sensitivity is low (approximately 30%), and its use
for early HCC detection is limited. There is an urgent
need to develop a high-validity, accurate, and
cost-effective method for the early diagnosis and recurrence surveillance of HCC. Recent studies indicated that miRNA profiles might represent a new
modality for this purpose [118]. To identify miRNAs
of clinical value for HBV-related HCC diagnosis, the
first step is to establish a miRNA signature that is
specific for HBV-related HCC. Li et al. compared the
miRNA expression profiles of HBV-infected serum
with those of control serum, and they identified 13
differentially expressed miRNAs in HBV-infected
serum. This serum miRNA-based biomarker profile
could separate patients with HBV-positive HCC from
HBV-infected, HCV-infected, and control patients,
with only 3 of 65 patients with HBV-positive HCC
being incorrectly classified. Furthermore, they employed an age-, gender-, and etiology-matched control
group and identified 6 miRNAs that were significantly upregulated in HCC samples. Three of these 6
serum miRNAs could help to clearly separate the
HBV-related HCC group from the control group, displaying an AUC of 99.6% with a sensitivity and specificity of 97.9% and 99.1%, respectively [119]. In another study, Tomimaru et al. investigated miR-21 levels in patients with HCC and chronic hepatitis and
compared miR-21 levels in patients with HCC before
and after curative resection. The results showed a
significant reduction in miR-21 levels in postoperative
compared with preoperative plasma samples.
Meanwhile, miR-21 levels in patients with HCC were
significantly higher than those in patients with
chronic hepatitis, exhibiting an AUC of 0.773 with a
sensitivity and specificity of 61.1% and 83.3%, respectively. Moreover, the authors suggested that the use of
plasma miR-21 combined with AFP as a biochemical
marker might be useful for HCC detection [120].
These two studies determined that some miRNAs
could help in differentiating patients with HCC from
those with viral hepatitis. However, both studies
lacked validation of the diagnostic accuracy of these
miRNA signatures in independent patient cohorts.
External validation of each signature is an absolutely
essential step for identifying miRNAs that are valuahttp://www.thno.org
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ble for clinical use. Zhou et al. used microarray analysis to screen 723 miRNAs that were differently expressed in plasma samples obtained from patients
with HBV-related HCC compared with those obtained from healthy individuals, patients with chronic
hepatitis virus infection, and patients with cirrhosis.
Fifteen candidate miRNAs were identified in this
phase and further tested in an independent cohort of
plasma samples from 407 patients. From these data, 7
miRNAs were selected and further used to predict the
probability of an HCC diagnosis in an independent
validation cohort comprising plasma samples from
390 patients. The results showed that the identified
miRNA panel (miR-122, miR-192, miR-21, miR-223,
miR-26a, miR-27a, and miR-801) could provide a high
diagnostic accuracy (AUCs for Barcelona Clinic Liver
Cancer stages 0, A, B, and C were 0.888, 0.888, 0.901,
and 0.881, respectively) for HCC regardless of disease
stage [121]. This study is more informative than those
of circulating miRNAs in diagnosing HCC, because it
additionally included a cirrhosis group and compared
the diagnosis accuracy for different tumor staging
groups.
Collectively, these data illustrate the potential
application of circulating miRNAs as biomarkers for
HCC diagnosis. However, some critical points must
be considered before their use can be translated into
clinical practice. First, a strategy for obtaining reproducible results in different study groups must be established. Apart from a comparable and appropriate
sample, the experimental strategies should also be
improved. Another issue is that more data is required
from early-stage patients to facilitate early diagnoses,
requiring collection and analysis of more early-stagesamples. Finally, for patients who undergo
curative resection for HCC, there is still a high risk of
recurrence. Thus, identifying a serum miRNA profile
that could help predict in advance the recurrence of
HCC in these patients would also be useful.

miRNAs in the treatment of HBV-related
HCC
In addition to the diagnostic implications, the
specific signatures of aberrantly expressed miRNAs
also have promising potential in HCC therapy. Novel
therapeutic strategies based on modulating miRNA
function are being devised to downregulate the expression of miRNAs that act as oncogenes and upregulate the expression of miRNAs that exert tumor
suppression. However, the delivery of active miRNAs
to the specific target site in the body requires controllable, sustained, and tissue-specific processes, and still
faces many obstacles. To improve the efficacy of
miRNA therapy, several strategies have been explored focusing on the delivery system. Notably, NPs

1188
have been widely used in vector delivery methods
because they help to establish a nonimmunogenic,
cell- and tissue-specific delivery system for cancer
therapy. Both synthetic miRNA mimics and anti-miRNAs can be conjugated or complexed with NPs,
which makes them more resistant to nuclease degradation and helps to reduce the immune response associated with naked miRNA delivery. Another point
is that when miRNAs are delivered using nanocarriers, a lower concentration of miRNAs is required to
achieve target suppression compared with naked
miRNA delivery. Moreover, because the targeting
ligand can be attached to the surface of NPs, the delivery of therapeutic miRNA using NPs is more specific compared with naked miRNA delivery [122].
Restoring miRNA levels using oligonucleotides,
including miRNA mimics or miRNAs encoded in
expression vectors, is a commonly employed approach for boosting levels of particular miRNAs.
miRNA mimics are synthetic oligonucleotides that
may regulate target mRNAs in an miRNA-like manner. miRNAs that act as tumor suppressors and that
are downregulated can be exogenously delivered to
return the cells to a normal state. Hsu et al. used a
cationic lipid NP formulation as a vehicle to restore
miR-122 expression in HCC cells and a mouse model
of HCC. This NP-mediated miR-122 delivery resulted
in >95% downregulation of miR-122 target genes in
vitro and approximately 50% growth suppression of
HCC xenografts within 30 days without causing systemic toxicity [123]. Meanwhile, Wang et al. found
that the inclusion of oleic acid in lipid-based NPs significantly enhanced the delivery efficacy for miR-122
and decreased the expression of Bcl-w, a target of
miR-122 [124]. Liang et al. employed a new type of
poly(d, l-lactide-co-glycolide)-based NPs as vectors
for miR-26a transfection and induced cell cycle arrest
in HepG2 cells. These nanocomplexes exhibited a
higher transfection efficiency with lower cytotoxicity
and accumulated in tumor cells after transfection,
indicating that these complexes contribute to the cellular uptake of pDNA and enhance the treatment effect of miR-26a by inducing cell cycle arrest [125]. In
another study, Li et al. reported that the intratumoral
injection of cholesterol-conjugated miR-99a mimics
significantly inhibited tumor growth as well as reduced AFP levels in HCC-bearing nude mice [126].
Meanwhile, viral delivery of miRNAs has also been
investigated. Using an adeno-associated virus as a
vector, Kota et al. demonstrated that systemic miR-26a
administration resulted in the inhibition of cancer cell
proliferation, induction of tumor-specific apoptosis,
and dramatic protection from disease progression
with minimal toxicity in a mouse model of HCC [81].
This study demonstrated that restoring the expression
http://www.thno.org
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of a dysregulated miRNA could specifically affect the
tumor cells in which its expression was aberrant,
whereas the normal tissue was not affected. Among
these anticancer miRNA agents, the one that is furthest in development is MRX34, a liposome-formulated miR-34 mimic, which is in clinical
trials for the treatment of liver cancer [127].
While restoring tumor-suppressive miRNAs is
one approach for HCC therapy, suppressing or
blocking oncogenic miRNAs with antisense oligonucleotides (also known as anti-miRs) may be considered another treatment strategy. As cellular uptake
and incorporation into the cytoplasm are necessary
for the function of anti-miRs, the transfection efficiency of the carrier is a major concern. NPs that are
specifically engineered for delivery to specific cells
will help with this goal. miR-155 is an oncogenic
miRNA that is frequently overexpressed in HCC.
Zhang et al. demonstrated that the delivery of anti-miR-155 using lactosylated gramicidin-containing
lipid NPs could markedly upregulate the expression
of miR-155 target genes in HCC cells, suggesting the
potential of anti-miR therapy using a liver-specific
delivery vehicle [128]. Additionally, anti-miR-155 delivery using polymer-NPs has also been used to study
its tumor-suppressing effects in lymphoma-bearing
mice. These studies suggested that when therapeutic
molecules are delivered using NPs, the dosage needed
for a positive therapeutic response is less than that
needed with uncoated molecules [129].
In addition to direct effects in HCC treatment,
miRNA therapy may be combined with chemotherapy, thus promoting the sensitization of tumors to
these anti-cancer agents. miR-122 can sensitize HCC
cells to doxorubicin treatment by regulating the expression of multidrug resistance genes [130]. Similarly, miR-199a-3p enhances the effect of doxorubicin
treatment on HCC by influencing mTOR and c-Met
expression [131]. The let-7 family can potentiate sorafenib-induced apoptosis via the inhibition of Bcl-xL
expression in HCC cells [132]. Moreover, miR-101
synergized doxorubicin and fluorouracil treatment by
inducing apoptosis and inhibiting autophagy in tumor cells [84]. In contrast, miRNA therapy combined
with antiviral drugs could be a promising area of exploration for HBV treatment. This concept has been
put into practice in a phase II clinical trial that combined miRavisen (an anti-miR) with the antiviral
drugs telaprevir and ribavirin in treating HCV infection [133].

host–virus interaction in HBV infection is mediated
not only by immune responses but also by miRNAs.
The host and virus may up- or downregulate a group
of miRNAs for their own benefit. Consequently, sustained dysregulation of these miRNAs, some of which
act as oncogenes or oncosuppressors, may contribute
to the onset and progression of cancer. In the past 3
years, some progress has been made in understanding
the mechanisms responsible for aberrant miRNA expression, such as HBx-induced dysregulation of
miRNAs and epigenetically mediated dysregulation
of miRNA. Meanwhile, more targets and upstream
regulators of these dysregulated miRNAs have been
unveiled. However, much work is still requirede to
obtain more detailed and comprehensive knowledge
about these processes.
From the clinical perspective, the diagnosis and
treatment of HCC based on aberrant miRNAs appears
to have great potential. Given that aberrant miRNA
expression is an early event during HBV-associated
hepatocarcinogenesis, an accurate diagnosis before
the tumor moves to metaphase is possible to achieve.
With the development of targeted miRNA delivery
technology, HBV-related disease therapies based on
restoring miRNA levels or blocking miRNA functions
are expected to successfully reach the clinic in the
very near future.

Conclusions

2

In this review, we have focused on the recent
advances of miRNAs involved in HBV infection and
HBV-associated tumorigenesis. It is clear that the
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