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Abstract MicroRNAs (miRNAs) are small, non-coding RNAs that regulate mRNA
expression by post-transcriptional mechanism in eukaryotic cells. Some viruses
also encode primary transcripts containing miRNA-like structures, and such
transcripts are subjected to host miRNA processing pathway to generate viral
miRNAs. Viral miRNAs derived from oncogenic viruses are often associated with
tumor progression. Moreover, infections with oncogenic viruses alter the expression
of host miRNAs, increasing the risk of tumor progression and viral escape from the
host immune mechanism. In this chapter, we discuss the roles of virally-regulated
cellular miRNAs in the respective viral life-cycles and in virus-related tumors.

Keywords microRNA » Oncogenic viruses ¢ Tumorigenesis ¢ Immune system

1 Introduction

1.1 Discovery of Viral miRNAs

MicroRNAs (miRNAs) are 18-25 nucleotides (nt) non-coding small RNAs derived
from double-stranded RNAs, and play an important role in eukaryotic cells by post-
transcriptional repression of mRNAs. It has been shown that some viruses encode
primary transcripts containing miRNA-like structures. In 2004, Pfeffer et al. (2004)
reported that Epstein-Barr virus (EBV) strain B95-8 encodes 5 viral pre-miRNA-like
structures, and that viral miRNAs were detected in infected cells. Moreover, Cai et al.
(2006) reported that wild-type EBV encodes 13 more pre-miRNAs than EBV B95-8
strain as the 12 kb region that is deleted in EBV B95-8 strain is rich in pre-miRNA
genes. The expression of viral miRNAs are very common in cells that are infected
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with other Herpesviruses (Pfeffer et al. 2005) (http://www.mirbase.org) including
Kaposi’s sarcoma-associated herpesvirus (KSHV), human cytomegalovirus, herpes
simplex viruses (HSVs), and also observed in simian virus 40-infected cells. It is
speculated that viral miRNAs may suppress viral transcripts or host-specific genes.
However, the pathophysiological role of viral miRNAs is not clearly understood.

1.2 Viral Infection and miRNAs

Oncogenic viral infections induce the expression of several miRNAs that are
associated with cancer progression. Virally induced miRNAs play the role of onco-
genes when they target tumor suppressor genes. Moreover, when viral infections
involve regulation of oncogenes, they repress some host miRNAs with tumor
suppressive functions. Some herpesviruses such as EBV and KSHV encode
pri-miRNA-like structures that are tolerated as self-entities by the host machinery.
Virally derived-factors repress host miRNA cascade and are called “RNA-silencing
suppressors” (RSSs) (de Vries and Berkhout 2008). RSSs were originally identified
in plant viruses and oncogenic viruses origin interact with miRNA pathway (de
Vries and Berkhout 2008).

2 MicroRNAs in Epstein-Barr Virus; Expression,
Regulation and Function Epstein-Barr Virus

2.1 EBYV Encoded miRNAs

EBYV is a ubiquitous human herpesvirus that establishes life-long latent infection in
human B lymphocytes and pharyngeal epithelial cells (kieff 2007). EBV has quite
a large genome (~170 kb) and encodes >70 open reading frames. While many of
the virally encoded proteins are immunogenic in the human body, miRNAs can
affect gene expression in the host without stimulating an immune response.
Therefore, encoding miRNAs work to the advantage of the virus. EBV miRNAs
were the first virally encoded miRNAs to be identified (Pfeffer et al. 2004). A Burkitt’s
lymphoma cell line harboring EBV B95-8 strain, a laboratory strain with 12 kb
deletion in its genome, (Baer et al. 1984) was used as a source of RNA. Five
miRNAs were identified in the study. Later studies revealed that there are far more
miRNAs in the wild-type EBYV, and the region deleted in the EBV B95-8 strain is
rich in pre-miRNA genes (Lo et al. 2012) (Fig. 7.1). Currently, 44 mature miRNAs
that are encoded at two different loci in the EBV genome have been identified: 4
mature miRNAs encoded at the BHRF1 locus and 40 mature miRNAs encoded at
the BART locus (Pfeffer et al. 2004; Cai et al. 2006; Grundhoff et al. 2006; Zhu
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Fig.7.1 Schematic illustration of EBV genome. The positions of EBV miRNA genes are indicated
together with those of EBV latent genes, including BARTS. The 12-kb region missing in the EBV
B95-8 strain is also indicated

et al. 2009) (Fig. 7.1). The presence of such a high number of miRNAs in EBV
indicates the evolutionary selection of these miRNAs. A complete listing of EBV
miRNAs (ebv-miR-BHRF1 and ebv-miR-BART) with both mature and precursor
sequences can be found at www.mirbase.org. EBV miRNAs have no notable
sequence similarity with known host (human) cell miRNAs, and no orthologous
miRNAs are identified in other human Herpesviruses (Pfeffer et al. 2005). In com-
parison with Rhesus lymphocryptovirus, it is apparent that many of EBV miRNAs
are evolutionarily conserved (Cai et al. 2006).

The expression levels of EBV miRNAs in various EBV-infected cells have been
examined using various strategies, including the stem-loop PCR method (Amoroso
et al. 2011; Chen et al. 2005; Cosmopoulos et al. 2009; Pratt et al. 2009) and direct
sequencing of small RNA libraries, either through traditional or high-throughput
sequencing method (Lung et al. 2009; Zhu et al. 2009; Chen et al. 2010). The results
revealed that EBV miRNAs are expressed at markedly different levels among cell
lines (Pratt et al. 2009). Four miRNAs encoded within the BHRF1 locus (hereafter
referred to as miR-BHRFs) are highly expressed in cells with latency type I (Xia
et al. 2008; Cai et al. 2006) [expressing all EBNAs (EBNAI, 2, 3A-C), LMP1,
LMPZA, EBERs, and BARTs (BamHI A Rightward Transcripis)]. The miR-BHRFs
are also highly expressed in primary EBV-associated AIDS-related diffuse large
B-cell lymphomas (DLBCL) (Xia et al. 2008), but they are undetectable in B cells
or epithelial cells with latency type I (expressing EBNA1, EBER, and BARTSs) or
latency type II (expressing EBNA1, LMP1 and LMP2A, EBER, and BARTs). On
the other hand, miR-BART miRNAs (miR-BARTSs) are expressed not only in B
cells with type III latency, but also in epithelial cells with latency type I or type II
(Cai et al. 2006). The miR-BARTSs are of particular interest as they are highly
expressed in nasopharyngeal carcinomas (Zhu et al. 2009; Cosmopoulos et al.
2009), gastric carcinoma cells (Kim do et al. 2007), and NK/T lymphomas-derived
cell lines (Ramakrishnan et al. 2011). Therefore, it is likely that miR-BARTSs some-
how contribute to the tumorigenesis (Lo et al. 2012; Marquitz and Raab-Traub
2012; Raab-Traub 2012). Transcripts now referred to as BARTS originally identified
from nasopharyngeal carcinoma cells (Hitt et al. 1989), have remained enigmatic
for many years. However, it is now clear that BARTs most likely serve as primary
transcripts that are processed to generate miR-BARTS. Interestingly, the currently
identified all miR-BARTS are encoded in the introns of the transcripts of BART, and
are subject to highly complicated splicing (Edwards et al. 2008).
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Table 7.1 Targeting genes of EBV encoded miRNAs
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Target genes EBV miRNAs Reference

Viral target genes

BALF5 (DNA polymerase) miR-BART2-5p Barth et al. (2008)

LMP1 miR-BART1-5p, -16, -17-5p Lo et al. (2007)
miR-BARTY Ramakrishnan et al. (2011)
miR-BART19-5p, -5-5p Riley et al. (2012)

LMP2A miR-BART22 Lung et al. (2009)

BHRF1 miR-BART10-3p Riley et al. (2012)

Cellular target genes

Bim miR-BART Marquitz et al. (2011)
cluster 1 and cluster 2

PUMA miR-BARTS Choy et al. (2008)

DICER1 miR-BART6-5p Tizasa et al. (2010)

CXCL-11 miR-BHRF1-3 Xia et al. (2008)

PO7 miR-BART?3 Vereide et al. (2013)

CASP3 miR-BART16 Vereide et al. (2013)

GUF1, SCRN1 miR-BHRF1-1 Skalsky et al. (2012)

CAPRIN2 miR-BART13-3p Riley et al. (2012)

2.2 Pathophysiological Roles of EBV Encoded miRNAs

Viral miRNAs can either target other EBV transcripts or cellular transcripts.
The viral and cellular targets of EBV miRNAs so far identified are listed in
Table 7.1. MiR-BART2-5p, which is located directly antisense to the 3'-UTR of
BALF5 (a viral polymerase) can down-regulate the expression of BLAFS5,
inhibiting the transition from latent to lytic viral replication (Barth et al. 2008).
Several miR-BARTS suppress the expression of viral oncoproteins LMP1 (Riley
et al. 2012; Lo et al. 2007; Ramakrishnan et al. 2011) and LMP2A (Lung et al.
2009). Cellular targets of EBV miRNAs so far identified include proapoptotic
proteins Bim (Marquitz et al. 2011) and BBC3/PUMA (Choy et al. 2008), a
Dicer (lizasa et al. 2010), an interferon-inducible T-cell-attracting chemokine
CXCL-11/I-TAC (Xia et al. 2008), IPO7, and CASP3 (Vereide et al. 2013).
Genome-wide searches for the targets of EBV miRNAs (miRNA targetome)
have been conducted using either human Burkitt’s lymphoma cell lines (Dolken
et al. 2010), primary effusion lymphoma cell lines (co-infected with EBV and
KSHYV) (Gottwein et al. 2011), or EBV-transformed lymphoblastoid cell lines
(Skalsky et al. 2012; Riley et al. 2012).

It is now technically feasible to utilize recombinant viruses, having miRNA
genes either deleted or restored in the EBV genome, to clarify the biological signifi-
cance of viral miRNAs. It was shown, by two independent studies, that disruption
of genes encoding miR-BHRF1 results in slightly attenuated outgrowth of infected
primary B cells (Feederle et al. 2011; Seto et al. 2010). The EBV B95-8 strain lacks
17 pre-miRNAs of miR-BARTSs. Research groups attempted to reconstitute the
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expression of all EBV-encoded miR-BARTSs by ectopically inserting the missing
pre-miRNA genes that were driven by heterologous promoters (Vereide et al. 2013;
Seto et al. 2010). However, the displaced miR-BARTs were not expressed as
efficiently as the endogenous miRNAs (Seto et al. 2010). The efficient expression of
miR-BARTSs may require primary transcripts under the control of native BART
promoter, followed by proper processing of the primary transcripts.

It was also shown that EBV miRNAs were secreted from infected B cells and
that they were functional upon transfer via exosomes in primary monocyte-derived
dendritic cells (Pegtel et al. 2010). Another study recently demonstrated that certain
plasma EBV miRNAs did not copurify with exosomes, implicating non-exosomal
transport of miRNAs into plasma (Gourzones et al. 2013). Further studies are
required to clarify the functional significance of viral miRNAs secreted into plasma
via exosomal or non-exosomal mechanisms.

2.3 Alteration of Human miRNA Pathway by EBV Infection

Regulating host gene expression is crucial for viruses to survive in host cells, and
it is now becoming apparent that viral miRNAs significantly contribute to such
regulations, especially in latently infected cells where a few viral proteins are
expressed. Viral miRNAs can affect the expression of cellular miRNAs. Specific
cellular miRNAs, namely, miR-21, miR-155, and miR-146a, were found to be
up-regulated in B lymphocytes transformed by EBV B95-8 strain (Godshalk et al.
2008; Mrazek et al. 2007), while other cellular miRNAs were dramatically down-
regulated following EBV infection of primary B cells (Godshalk et al. 2008). It is
tempting to speculate that the up-regulation of miR-21 plays critical roles in
EBV-mediated transformation, as miR-21 is a well-characterized oncomir
(Gabriely et al. 2008). Therefore, it appears that viral and cellular miRNA
regulatory networks affect each other, and virus-host interactions are apparently
far more complicated than previously thought. :

3 MicroRNAs in Kaposi’s Sarcoma-Associated Herpesvirus;
Expression, Regulation and Function

3.1 KSHYV Encoded miRNAs

KSHYV belongs to the human herpesvirus family and is implicated in human diseases
such as Kaposi’s sarcoma (KS), AIDS-related primary effusion lymphoma (PEL),
and multicentric castle-man’s disease (Boshoff and Weiss 2002). KSHYV exists as a
latent or lytic infection in host cells. Pfeffer et al. and other groups discovered
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Fig. 7.2 Location of KSHV-encoded miRNAs in KSHV genome Black triangle: miRNA, Kap:
kaposin

KHSV-derived miRNAs in latently infected cells (Pfeffer et al. 2004, 2005; Cai
et al. 2005; Samols et al. 2005). KSHV encodes 12 miR-K12 pre-miRNAs (24
miRNAs) and A-to-I RNA edited mir-K12-10a is registered as a mir-K12-10b on
miRBase (http://www.mirbase.org) (Pfeffer et al. 2005; Umbach and Cullen 2010;
Lin et al. 2010). Most miR-K12s are localized in the intron of K12 (Kaposin) and
two pre-miRNAs are localized in the protein- coding region and 3'-UTR of K12,
respectively (Fig. 7.2).

3.2 Pathophysiological Roles of KSHV Encoded miRNAs

MiR-K12s are expressed in latently infected cells; however their role in the viral
life cycle is largely unknown. MiR-K12-9 suppresses the expression of RTA,
which is an essential transcription factor for KSHV lytic infection (Bellare and
‘Ganem 2009; Lin et al. 2011). Transfection of miR-K12-7 or miR-K12-5 also
represses RTA-expression (Lin et al. 2011; Lu et al. 2010). Moreover, mutated
KSHYV that lacks miR-K12s, except miR-K12-10 and miR-K12-12, increased
Iytic protein expression by enhancing NF-xB activation (Lei et al. 2010). These
reports indicate that miR-K12s suppress lytic reactivation and maintain latent
infection in host cells.

Seed sequences of miR-K12s are similar to human miRNAs (KSHV-K12-11 and
human miR-155, miR-K12-6-5p and human miR-15a and miR-16) (Skalsky et al.
2007; Gottwein et al. 2007). These reports suggest that miR-K12s may target human
genes to maintain latent infections. MiR-K12s repressed thrombospondin1 (THBS1),
a tumor suppressor, via inhibition of angiogenesis and down-regulation of THBS1
expression, was also previously observed in KS lesion (Samols et al. 2007; Taraboletti
et al. 1999). MiR-K12-5, -9, -10a, and -10b repress Bcl-2-associated transcription
factor 1 (BCLAF1), which is a repressor of Bcl2 family and induces apoptosis
(Ziegelbauer et al. 2009). MiR-K12-11 targets the xCT-negative regulator BACH-1
(Qin et al. 2010a). xCT is an amino acid transporter that protects cells from environ-
mental oxidative stress. KS legions show high expression of xCT (Qin et al. 2010a),
and interestingly, xCT is reported to be a regulator of cancer stem cells (Ishimoto
et al. 2011). MiR-K12-1 represses cyclin-dependent kinase inhibitor p21. Inhibition
of miR-K12-1 results in cell cycle arrest by p53 activation (Gottwein and Cullen
2010). These miR-K12-targeting genes are related to the pathogenesis of KSHV-
associated diseases.
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3.3 Immune Defense and KSHYV Encoded miRNAs

Latent infection of KSHV were observed in 40-50 % of the population in south part
of Africa, 10 % of the north American population and 4 % of the Japanese popula-
tion; however, most of these people were kept healthy (Fujii et al. 1999). MiR-K12s
are expressed in latently infected cells. To escape from host immune mechanism,
miR-K12s may regulate this mechanism. MiR-K12-7 inhibits the expression of
MHC class I polypeptide-related sequence B, which is recognized by NK cells
(Nachmani et al. 2009). miR-K12-10a represses the tumor necrosis factor receptor
superfamily member 12A, which regulates apoptosis and inflammatory response
(Abend et al. 2010). MiR-K12s also alter human cytokine expression via targeting
of the cytokine repressor C/EBPP p20 (Qin et al. 2010b). C/EBPP p20 is a repressor
of 1L-6 and I1.-10. MiR-K12s induce the expression of these cytokines in murine
macrophages (Qin et al. 2010b). A bioinformatics sequence analysis revealed that
this could be attributed to viral miRNA-mediated expression of a known repressor
of these cytokines.

To identify target genes of miR-K12s, a bioinformatics approach was used.
Identifying target genes of viral miRNAs is much more difficult than identifying
those of mammalian miRNAs, because species conservation of 3’-UTR miRNA
targeting site is not useful for viral miRNAs. Recently, high-throughput sequencing
of RNA isolated by cross-linking immunoprecipitation (HITS-CLIP) was devel-
oped to identify miRNA target gene by immunoprecipitation of Ago2-miRNAs and
associated mRNAs. This method recovered approximately 1,000 cellular targeting
genes of miR-K12s, including THBS1, BACHI1, and C/EBPfin PEL cell lines
(Haecker et al. 2012). Interestingly, HITS-CLIP revealed that the miR-K12s
predominate Ago2-associated miRNAs and miR-K12smay contribute to global
alteration of the human miRNAs pathway in KSHV-infected cells (Haecker et al.
2012). KSHV-positive KS is derived from endothelial cells and the mRNA
expression profile of endothelial cells is not to the same as that of PEL. In the near
future, the pathophysiological role of miR-K12s in endothelial cells will be identified
using the HITS-CLIP method.

4 MicroRNAs in High-Risk Human Papillomavirus;
Expression, Regulation and Function

4.1 Basic Knowledge of HPV Infection

Human papillomaviruses (HPVs) have small double-stranded circular genomic
DNA that encode early genes (E1, E2, E4, ES, E6, and E7) and late genes (L1 and
L2) (Zheng and Baker 2006). HPVs infect squamous epithelium, and then
integrate into the epithelial stem cells on the basal membrane. HPV early genes
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are expressed in the epithelial stem cells; however, expression of viral late genes
and viral DNA replication are observed in differentiated epithelial layers. The E6 and
E7 genes of high-risk HPVs (HPV16 and HPV18) have oncogenic activity and
inactivate p53 and pRb, respectively (Scheffner et al. 1990; Dyson et al. 1989;
Gonzalez et al. 2001).

4.2 MiRNAs Expression Profile of HPV Infected
Cells and Pathophysiological Role of miRNAs
in HPV Infection

DNA viruses encode viral miRNAs and therefore are able to regulate viral life cycle
or human immune defense. However, HPVs do not have viral miRNAs because they
have small genome (size, 8 kb). Infection with high-risk HPV's leads to tumorigen-
esis in the epithelial stem cells by the inactivation of tumor suppressive factors. The
component p53 interacts with the Drosha-DGCRS8 complex component p68 and
regulates part of miRNA processing (Suzuki et al. 2009). The effect of high-risk
HPVs infection in miRNA expression is largely unknown.

Dreher et al. (2011) reported that the expression level of miR-145 was
increased in high-risk- HPV infected cells compared to low-risk HPV-infected
cells. High-risk HPV component E6 is one of the key factors for tumorigenesis,
it suppresses the expression of miR-145 (Shi et al. 2012; Gunasekharan and
Laimins 2013), miR-218 (Martinez et al. 2008), miR-34a (Wang et al. 2009b;
Xie et al. 2013) and miR-23b (Au Yeung et al. 2011). Previously, miR-145 was
identified as a tumor suppressive miRNA (called “anti-oncomir”) (Cho et al.
2009) as it suppresses the expression of c-Myc (Sachdeva et al. 2009), MUC1
(Sachdeva and Mo 2010) and stem cell-related transcription factors (Xu et al.
2009). Tumor-related target genes of miR-218 are Robol (Tie et al. 2010), sur-
vivin (Alajez et al. 2011), Runx2 (Zhang et al. 2011b), and the mTOR compo-
nent Rictor (Uesugi et al. 2011). Moreover, miR-34a and miR-23b repress c-Myc
(Christoffersen et al. 2010; Gao et al. 2009) and these miRNAs are induced by
p53. These reports suggest that the high-risk HPV E6 gene represses tumor suppressive
miRNAs via p53 inactivation.

High-risk HPV E7 can inactivate pRb and induce the activation of the transcription
factor E2F (Scheffner et al. 1990; Dyson et al. 1989; Gonzalez et al. 2001).
Interestingly, E7 suppresses miR-203 expression and induces p63 expression; p63
is an enhancer of cancer stem cells (Melar-New and Laimins 2010; Keyes et al.
2011). MiR-203 is a repressor of dermal stem cells, but the molecular mechanism
underlying the transcriptional regulation of miR-203 is unknown (Yi et al. 2008).
Moreover, high-risk HPV ES regulates miR-146a, miR-203, and miR-324-5p
(Greco et al. 2011). High-risk HPV infection itself may regulate cell differentiation
by repressing the expression of human miRNAs. ;
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5 MicroRNAs in Hepatitis C Virus; Expression,
Regulation and Function

5.1 Basic Knowledge of HCV

Hepatitis C virus (HCV) has a 9.6 kb genome that encodes a single positive-strand
polyprotein, which is organized in structural and the non-structural (NS-) replica-
tion proteins. The open reading frame is flanked by the 5’- and 3’ -UTRs that con-
tain the cis-signals for the translation and replication of the viral RNA. The structural
proteins, which form the viral particle, include the core protein and the envelope
glycoproteins E1 and E2. The non-structural proteins include p7 ion channel, NS2-3
protease, NS3 serine protease and RNA helicase, NS4A polypeptide, NS4B and
NS5A proteins, and NS5B RNA-dependent RNA polymerase (RdRp) (Appel et al.
2006; Moradpour et al. 2007) (Fig. 7.3). HCV infection is a cause of chronic hepa-
titis, liver cirrhosis, and hepatocellular carcinoma (HCC) (Wasley and Alter 2000).

5.2 The Expression and Role of miRNAs in Liver

The miRNA expression pattern differs dramatically among internal organs. miR-122
constitutes ~70 % of the hepatic miRNAs (Landgraf et al. 2007), and its function in
the liver is varied. MiR-122 maintains the hepatic function by down-regulating genes
involved in cholesterol synthesis like HMG-CoA reductase, amongst others (Esau
et al. 2006). The serum lipid profiles of both liver-specific and germline knockouts of
miR-122 induced a 30 % reduction in the total cholesterol, LDL, HDL, and serum
triglyceride level. Against expectations, the knockout miR-122 mice had progressive
steatohepatitis (Hsu et al. 2012; Tsai et al. 2012). MiR-122 can also regulate lipid
synthesis in the liver by controlling expression of Agpat! and Cidec (Hsu et al. 2012;
Tsai et al. 2012). These genes are a part of the triglyceride biosynthesis pathway
(Kim et al. 2008). Gatfield et al. (2009) showed that miR-122 is associated with
circadian rhythm as the circadian metabolic regulators of the PPAR family are
regulated by the miR-122-mediated metabolic control.

5 UTR

miR-122 miR-198a* miR-196*

Fig. 7.3 Structure of the HCV genome. The recognition sites of miR-122, miR-199a*, and miR-
196* on the HCV genome and in miRNAs are shown. This confirms the in vitro replication of HCV
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In miR-122-knock out animals, steatohepatitis and liver fibrosis were observed
(Hsu et al. 2012; Tsai et al. 2012; Gatfield et al. 2009). MiR-122 is also related to
liver inflammation (Lanford et al. 2010). Several researchers showed that the expression
level of miR-122 is reduced in experimental models and clinical samples of HCC,
and loss of miR-122 is associated with tumor invasiveness and cancer progression
(Hsu et al. 2012; Tsai et al. 2012; Wu et al. 2009; Coulouarn et al. 2009; Bai et al.
2009; Cheung et al. 2008; Wang et al. 2012).

5.3 MiRNA and HCV Associated Liver Disease

It was demonstrated that HCV replication is controlled by miR-122 (Jopling et al.
2005), and since then, the function of miR-122 in the hepatic tissue is mostly
analyzed in relation to HCV replication. The reasons why HCV replication is
controlled by suppressing the function of miR-122 are (1) The binding site of
miR-122 is downstream to the internal ribosomal entry site, which controls
duplication in the early stages of HCV infection (Henke et al. 2008), (2) It is possible
that the isoprenoid biosynthetic pathway, controlled by miR-122, regulates HCV
replication.miR-122 can directly regulate HCV replication when used as a target
gene (Henke et al. 2008), (3) The recognition site of miR-122 in HCV is located in
both the 5’-UTR and 3’-UTR domains. miR-122 forms an oligomeric complex in
which one miR-122 molecule binds to the 5'-terminus of the HCV RNA, masking
the 5’'-terminal sequences of the HCV genome while the 3’ nucleotides are
overhanging (Machlin et al. 2011). We highlight the most recent findings regarding
the role of miRNAs in viral hepatitis, liver fibrosis, and HCC by analyzing the
possible mechanisms by which they contribute to the progression of chronic liver
disease. MiR-122, which is liver-tropic, can control HCV by stimulating and accel-
erating translation during replication of HCV (Jopling et al. 2005) and inhibition of
miR-122 can block HCV replication.

Lohmann et al. (1999) have developed the HCV subgenomic replicon system, in
which an HCV subgenomic replicon autonomously replicates in Huh-7 cells (HCV
replicon cells). This technology has contributed greatly to the development of anti
viral agents, and helped us to monitor the effect of miRNA on the replication of
HCV. The algorithms that search miRNAs responsible for HCV-targets were
demonstrated. MiRNAs, except miR-122, can also control the replication of HCV
(Hsu et al. 2007) (Fig. 7.4). MiR-199a* can recognize the 5'-UTR region so over-
expressing or inhibiting miR-199a* can respectively suppress or enhance HCV
replication (Murakami et al. 2009). MiR-196, a HCV protein repressor, can recog-
nize HCV genome as target gene (Hou et al. 2010) (Fig. 7.3).

MiR-130a expression was significantly higher in HCV-infected hepatocytes and
liver biopsy specimens than in controls. MiR-130a can regulate interferon-induced
trans-membrane 1 (IFITM1). Up-regulation of miR-130a in HCV infections reduces
the expression level of IFITM1. This can inhibit HCV replication (Bhanja
Chowdhury et al. 2012). The hepatic miRNA expression pattern that exists in
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Fig. 74 Hypothetical miRNAs target sites on HCV genome

chronic hepatitis ¢ (CHC) patients before pegylated interferon and ribavirin combi-
nation therapy is associated with their therapeutic outcome. The expression level of
nine miRNAs was significantly different in the sustained virological response
(SVR) and non-responder (NR) groups. The accuracy of this diagnosis is 70.5 %
(Murakami et al. 2010). Viral species may have different expression patterns for
miRNA; for example, expression patterns of miRNAs are unique in HBV and HCV
infections and are closely related to liver disease progression. When seventeen
miRNAs are down-regulated in HCC, cancer —associated pathways such as cell
cycle, adhesion, proteolysis, transcription, and translation are enhanced. However,
when miRNAs are up-regulated in HCC, the anti-tumor immune response is sup-
pressed (Murakami et al. 2010).

The miRNAs can recognize HCV genome by using the in silico target search
algorithm (ViTa: http://vita.mbc.nctu.edu.tw). The number above the bar indicates
the nucleotide number.

The paragraphs written above summarize the close relationship between miRNA
and HCV infection and chronic liver disease. The accumulated information between
expression pattern of miRNAs and HCV infection can pave the way for clinical
application. This knowledge has opened the path to clinical applications of miRNA
analysis. Many researchers have attempted to diagnose cancer using the miRNA
expression in serum or plasma (Kosaka et al. 2010). Expression pattern in circulating
miRNAs were used to diagnose chronic liver disease (Bihrer et al. 2011; Cermelli
etal. 2011; van der Meer et al. 2013; Shrivastava et al. 2013; Murakami et al. 2012).
The second phase of the clinical trial for chronic hepatitis C involves a complementary
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based sequence of miR-122 and the uses of locked nucleic acid-miR-122 to control
the function of liver miR-122 (Janssen et al. 2013). Biomarkers and nucleic acid
drugs will be applied clinically in the near future.

6 MicroRNAs in Hepatitis B Virus; Expression,
Regulation and Function

6.1 Basic Knowledge of HBV Infection

The hepatitis B virus (HBV) is a small enveloped partially double-stranded DNA
virus that belongs to the Hepadnaviridae family. This virus primarily infects hepa-
tocytes and causes acute and chronic liver disease. Among the 2,000 million people
worldwide infected with HBV, more than 350 million remain chronically infected
and become carriers of the virus (Ganem and Prince 2004). Epidemiological studies
have revealed that chronic HBV infection is the major etiological factor in the
development of HCC. Indeed, more than a half of the HCC patients are HBV carriers
(Parkin 2006). Despite the availability of an efficacious vaccine, persistent HBV
infection remains a challenging global health issue that requires a better understanding
of the virus biology and pathogenesis for improved control and treatment.

The life cycle of HBV is complex (Fig. 7.5a). The initial stages of the acute HBV
infection, including virion attachment, uncoating and nucleocapsid transport to the
cell nucleus, are still poorly understood (Seeger and Mason 2000; Yan et al. 2012).
Once delivered into the nucleus, the 3.2 kb relaxed circular DNA genome is con-
verted into a covalently closed circular DNA (cccDNA) from which all the viral
RNAs are transcribed. These transcripts include the pregenomic RNA (pgRNA) that
will serve as template for reverse transcription and the subgenomic mRNAs that
derive from the four overlapping gene sequences composing the viral genome.
These sequences comprise the pre-S and surface genes, the precore and core genes,
the polymerase gene, and the X gene. The newly formed nucleocapsids can either
assemble with envelope proteins in the endoplasmic reticulum and form mature
virion that will be secreted, or return to the nucleus to maintain the cccDNA
amplification. When the immune system fails to clear the virus, the HBV infection
becomes chronic (Fig. 7.5b). Eventually, the viral genetic material or sequences can
integrate into the host cellular DNA. The integration has been frequently observed
and is associated with HCC (Brechot et al. 1980; Paterlini-Brechot et al. 2003).

MiRNAs play key roles in the regulation of almost every cellular process in all
multicellular eukaryotes (Bartel 2009). As intracellular pathogens, viruses are
affected by these post-transcriptional modulators and have found a way to subvert
their effects. Several viruses, especially the herpesviruses, encode for miRNAs that
increase their replication potential and/or allow the evasion from the innate immune
system (Skalsky and Cullen 2010). This chapter will outline the implication of miR-
NAs in the HBV biology and the associated pathogenesis, including HCC develop-
ment. We will also outline the present and future miRNA-based strategies for the
diagnosis, prognosis and treatment of the HBV-related HCC.
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Fig. 7.5 The HBYV infection (a) Schematic representation of the HBV life cycle. (b) HBV natural
history of infection. Abbreviations: cccDNA covalently closed circular DNA, ER endoplasmic
reticulum, HBeAg hepatitis B extracellular “‘e” antigen, HBsAg HBV surface antigen, pgRNA
pregenomic RNA, Rc receptor, 7cDNA relaxed circular DNA, RT reverse transcription

6.2 MiRNAs Involved in the Regulation of HBV Gene
Expression, Replication and Effects on the Carcinogenesis

Viruses, nuclear DNA viruses in particular, need some time to complete their life
cycle. During this period, the host cell can develop defense mechanisms such as cell
cycle arrest and viral clearance. By taking advantage of the cellular miRNA machinery,
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Table 7.2 Cellular miRNAs and their effects on HBV biology, pathogenesis or related-HCC HBV
(1): Promotes HBV replication, HBV ({): Inhibits HBV replication, HCC (1): Development and/
or growth of HCC

miRNA HBYV or HCC
Target genes miRNAs expressions  status Reference
Viral target genes
HBsAg miR-199-3p Up HBV{) Zhang et al. (2010)
HBVpre-S1 miR-210 Up HBV{) Zhang et al. (2010)
Cellular target genes
HDAC4 miR-1 Up HBV (1) Zhang et al. (2011a)
c-myb miR-15a Down HCC (D) Liu et al. (2009)
E2F1 (c-myc miR-17-92 cluster Up HCC (D) Connolly et al.
repressor) (2008)
PTEN (?) miR-21 Up HCC (D) Connolly et al.
(2008)
cyclin G1 (p53 miR-122 Down HBYV (1), Wang et al. (2012)
modulator) HCC (1)
DNMT1 miR-152 Down HBV (1) Huang et al. (2010)
SOCS1 (STAT miR-155 Up HBV() Suetal. (2011)
inhibitor)
HLA-A (miR-181) miR-181a,-181b, Up HBV (1) Liu et al. (2009)
200b
NFIB miR-372,-373 Up HBV (1) Guo et al. (2011)
STAT3 let-7 family Down HBV (1), Wang et al. (2010)
HCC (1)

these viruses can more easily and efficiently help to promote a favorable cellular
environment for viral replication and achievement of the life cycle (Skalsky and
Cullen 2010). The modulation of the machinery could be made by direct action on
the cellular miRNAs (Backes et al. 2012; Jopling et al. 2005) (inhibition or up-
regulation) or by expression of their own miRNAs that will mimic their cellular
counterparts (Gottwein et al. 2007; Lu and Cullen 2004). Despite the fact that HBV
is a nuclear DNA virus, none viral-encoded miRNA has been identified so far. Only
one putative HBV-miRNA, with hypothetical regulation role on its own genome,
was deduced by computational approach (Jin et al. 2007). However, several cellular
miRNAs are involved in the HBV viral replication. They are presented here above
and summarized in Table 7.2.

6.2.1 Cellular miRNAs That Promote HBV Replication

MiR-1 can enhance the HBV core promoter transcription and thus increase the
viral replication by modulating the expression of several host genes such as
transcription factors (Zhang et al. 2011a). The report has confirmed that the
histone deacetylase 4 (HDAC4) expression is down-regulated by miR-1. Knowing
that the cccDNA amplification is controlled by epigenetic regulation (Pollicino
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et al. 2006), miR-1 could act in complementarity with the nuclear HBV X protein
(HBx) in order to induce these modifications (Belloni et al. 2009). However,
miR-1 can also inhibit the cell proliferation and even induce a reverse cancer cell
phenotype (Zhang et al. 2011a). The roles of miR-1 in the cell proliferation and
hepatocellular carcinogenesis (Datta et al. 2008) seem to be contradictory with
the viral replication and with the characteristics of oncogenic virus but must
represent benefit for HBV survival.

Another miRNA, miR-501, has also been suggested to work together with HBx
for the benefit of viral replication (Jin et al. 2013). HBx itself has also the ability to
deregulate the cellular miRNAs expression. This small protein is a key regulator of
HBYV infection. It is usually over-expressed in HCC and accumulated evidence
indicates that HBx can promote hepatocarcinogenesis by disrupting the normal
physiologic mechanisms of the host cell (Chirillo et al. 1997; Lee et al. 2005; Tian
et al. 2013). The let-7 family of miRNAs has been demonstrated to be negatively
regulated by HBx (Wang et al. 2010). This miRNA family is often observed
down-regulated in many cancers including HCC (Guo et al. 2006; Johnson et al.
2005; Yu et al. 2007). The consequence of this down-regulation is the increase
activity of that signal transducer and activator of transcription 3 (STAT3) that
supports the cell proliferation, and potentially the hepatocarcinogenesis.

Finally, the miRNAs can promote the viral replication by the indirect stimulation
the HBV enhancer element I or II. It is the case for the CCAAT/enhancer binding
protein that binds and activates the HBV enhancer II in a dose-dependent manner
(Lopez-Cabrera et al. 1991). miR-372, together with miR-373, targets the nuclear
factor I/B, an important regulator of several viruses (Nagata et al. 1983), and so
supports the HBV expression (Guo et al. 2011). ‘

6.2.2 Cellular miRNAs That Prevent HBV Replication

One of the best studied miRNAs in liver-related diseases is miR-122. This liver-
specific miRNA is expressed at high levels in normal hepatocytes (about 70 % of
the total miRNA population in the adult liver) (Lagos-Quintana et al. 2002) and is
pivotal in numerous aspects of the liver function such as lipid metabolism, liver
development, differentiation, growth and neoplastic transformation (Girard et al.
2008). The essential role of mir-122 in the HCV replication reflects furthermore
the importance of this miRNA in the infection process (Jopling et al. 2005).
While the loss of miR-122 expression is impeding HCV replication, it is enhancing
the replication in the circumstance of HBV infection (Wang et al. 2012). In fact,
miR-122 can negatively regulate the viral gene expression and replication by direct
binding to a highly conserved sequence of HBV (Chen et al. 2011). This repression
effect can apparently be impeded by a negative feedback loop involving the Heme
oxygenase-1 (Qiu et al. 2010). A recent study has reported the indirect implication
of HBx in miR-122 deregulation (Song et al. 2013) that could, at least partially,
explain the difference observed between the two viruses. Knowing that miR-122
expression is low in HBV and HCC tissues (Wang et al. 2012; Kutay et al. 2006)
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and that HBV replication is usually low or absent in HCC cells (Wong et al. 2006),
miR-122 is a highly potential linker between HBV infection and liver carcinogen-
esis (Wang et al. 2012; Fan et al. 2011) and therefore a predilected target for future
clinical applications.

The miR-17-92 cluster is also important in the HB V-associated HCC. This polycis-
tron includes six miRNAs (miR-17-5p, miR-18a, miR-19a, miR-19b, miR-20a and
miR-92a-1) and its up-regulated expression is associated with malignancies (Hayashita
et al. 2005). By using human HBV-positive human HCC tissues, hepatoma cell lines
and woodchuck hepatitis virus -induced HCC animal model (Popper et al. 1987),
Connolly and colleagues were able to demonstrate the elevated expression of miR-
17-92 cluster and its implication in the malignant phenotype (Connolly et al. 2008). The
expression could be amplified by c-myc activation (He et al. 2005), under HBx control
(Terradillos et al. 1997), to contribute to HBV latency state (Jung et al. 2013). The
consequence is the induction of liver oncogenesis. Since the RNA intermediates of
HBYV (pgRNA and transcripts) are good targets of miRNA action, it is not surprising
to observe several cellular miRNAs with different binding sites. So, in addition to
miR-122 that targets the polymerase region (Chen et al. 2011), the mir-199a-3p and
mir-210 can repress the S and pre-S1 regions, respectively (Zhang et al. 2010).

All the examples illustrating cellular miRNAs as inhibitors of the viral replication
are a bit difficult to comprehend initially because of their obvious negative effect on
HBYV infection. However, it can be understood by keeping in mind the survival of the
virus into the host organism. The natural history of HBV infection shows often a
transition from acute to chronic infection, especially in young children. This step
corresponds to a failure of the immune system to eradicate the virus (Fig. 7.5b). One
of the escape pathways is the successful adaptation to the immune-induced down-
regulation of replication. The virus could evade the immune system by reaching a
dormant state into the infected hepatocytes, under the cccDNA form, and survive until
its eventual life cycle reactivation (Ganem and Prince 2004; Belloni et al. 2009, 2012;
Huang et al. 2010). The study of Huang and colleagues reports the CpG islands methyla-
tion of the cccDNA by the DNA methyltransferase 1 (DNMT1) to prevent the viral
gene expression and therefore the viral antigen presentation. DNMT'1 over-expression is
induced by a decrease of miR-152, under the effect of HBx (Huang et al. 2010).

6.3 MiRNAs in the Modulation of the Immune System
and Effects on the Carcinogenesis

HBYV must adapt to a very complex network in order to survive. It has to cope with
the modification of homeostasis, the cell cycle arrest, the apoptosis and the
destruction of the host cell by the immune cells. MiRNAs are also important in the
development and function of immune system (Baltimore et al. 2008). Some miRNAs
in particular are crucial for modulating innate and adaptive immune responses.
MiR-155 has multi-roles during an innate immune response such as the regulation
of the acute inflammatory response after recognition of pathogens by the toll-like
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Fig. 7.6 Chronology of events from the HBV infection until HCC development. The indicated
altered miRNAs and related pathways are based on the results from Ura et al. (2009)

receptors (O’ Connell et al. 2007; Tili et al. 2007). The up-regulation of miR-155 can
lead to prolonged exposure to inflammation, a well-known causal agent to cancers
like HCC (Berasain et al. 2009). Two recent studies suggest a role of miR-155 in
hepatocarcinogenesis and HBV infection (Table 7.2). Using HCC-induced mouse
model, Wang and collaborators have demonstrated an oncogenic role of miR-155 at
the early stages of the tumorigenesis (Wang et al. 2009a). On the other hand, the
ectopic expression of miR-155 in human hepatoma cells enhances the innate
immunity through promotion of the JAK/STAT pathway and down-regulates HBx
expression (Su et al. 2011).

A study analyzing the modified expression profiles of miRNAs in a stable
HBV-expressing cell line revealed the up-regulation of miR-181a (Liu et al. 2009)
(Table 7.2). The deregulation of this miRNA in liver cell might participate to the
establishment of HBV persistence through inhibition of the human leukocyte
antigen A (HLA-A) -dependent HBV antigen presentation. To date, it is unclear if
miRNAs altered in the host cell, like miR-181a and miR~146a also present in Liu’s
study, miRNAs involved in ubiquitous and cell-specific regulatory functions, could
affect directly the immune cells. The presence of circulating miRNAs, as well as the
existence of intercellular nanovesicle-mediated miRNA transfer and its impact on
the environmental modulation, could potentially support that hypothesis (Arataki
et al. 2013; Waidmann et al. 2012; Li et al. 2010, 2012; Zhou et al. 2011; Kogure
et al. 2011). The current knowledge shows an altered miRNA profile expression
between normal and HCC liver at the different stages, and between the HBV and
HCV-induced HCC (Murakami et al. 2006; Li et al. 2008; Budhu et al. 2008; Ura
et al. 2009). For the latest one, this reflects the variation in the cellular pathways that
are modulated as a consequence of the viral infection (Fig. 7.6).
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6.4 MiRNAs as Biomarkers and Treatment-Based Strategies
Jor HBV Infection and HBV-Induced HCC

It is important to know the precise mechanisms, the cellular pathways that the viral
infection or cancer cells alter in the different steps of the infection and/or tumor
evolution. The knowledge will allow developing powerful targeted therapeutical
strategies. The significance of miRNAs in antiviral immunity and liver carcinogenesis
- emphasizes their values as therapeutic targets for HBV infection and HB V-induced
HCC. MiR-122 and miR-18a are of particular interest. They are both released in the
blood and could be used as potential non-invasive biomarkers for HB V-related HCC
screening (Liu et al. 2009; Waidmann et al. 2012; Li et al. 2012). Some other reports
suggest using a miRNA panel in order to improve the specificity of the test (Li et al.
2010; Zhou et al. 2011). In addition with the current routinely used markers such as
HBYV surface antigen, HBV extracellular antigen and alanine aminotransferase, the
circulating miRINAs represent a significant clinical value for better evaluation of the
HBV-infection status, liver injury and early diagnosis of HCC.

In the therapeutic perspective, the work of Ura’s group is valuable. They analyzed
the livers of HBV and HCV positive patients with HCC to identify the miRNAs that
are differentially expressed. Nineteen miRNAs were clearly differentiated between
HBYV and HCV groups, six specific for HBV and thirteen specific for HCV. Based
on the miRNAs profile, they made a pathway analysis of candidate targeted genes
and were also able to distinguish the cellular mechanisms altered in HBV or HCV-
infected livers (Ura et al. 2009). The HBV infection alters mostly the pathways
related to signal transduction, inflammation and natural killer toxicity, DNA
damage, recombination, and cell death (Fig. 7.6), while HCV infection modifies
those involved in immune response involving antigen presentation, cell cycle and
cell adhesion (Ura et al. 2009).

Moreover, technological advances in the delivery of miRNA and RNA interfer-
ence enable safe and efficient in vivo miRNA gene therapy, as exemplify by the
recent study from Kota and collaborators on the liver cancer (Kota et al. 2009). They
used an adeno-associated virus to deliver miR-26a in a mouse model of HCC. This
resulted in the successful inhibition of the cancer cell proliferation, induction of the
tumor-specific apoptosis, and protection from disease progression without toxicity.

7 Concluding Remarks

MiRNAs have emerged as novel key players in the control of gene expression in
cells. Investigations of their profiling have unveiled specific miRNA deregulations
in tumors and in condition of viral infection. On the viral point of view, the
deregulated pathways mirror the strategies of the virus to allow its replication and
evade the host defense mechanisms to survive. On the cellular point of view, they
mirror the immune response that is trying to get rid of the intruder and that become
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deregulated. In both cases, the viral infection leads to the alteration of miRNA
expression by RSSs that can trigger tumorigenesis. Several oncogenic viruses,
especially herpesviruses like EBV and KSHY, encode their own miRNAs to modify
both cellular and viral gene expression (Pfeffer et al. 2004). This step is crucial for
their latency phase. On the other hand, HPV, HBV and HCV do not express viral
miRNAs but can affect the host miRINA pathway. The present and future knowledge
about miRNA will broaden our understanding of the pathogenesis of oncogenic
viruses and most certainly allow developing efficient oncogenic viral therapies.
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