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Abstract
Hepatocellular carcinoma (HCC) is a primary malignancy of the liver of global importance.
Recent studies of the expression and role of microRNA (miRNA) in HCC are providing new
insights into disease pathogenesis. In addition, therapeutic efforts targeting specific miRNAs are
being evaluated in animal models of HCC. The potential of miRNAs as biomarkers of disease or
prognostic markers is being explored. Herein, we review studies of miRNA expression in human
HCC, and discuss recent advances in knowledge about the involvement and role of selected
miRNAs in disease pathogenesis, as biomarkers, or as therapeutic targets for HCC.

Hepatocellular cancer (HCC) is a primary malignancy arising within the liver. This disease
is the third most common cause of cancer deaths in men worldwide. The incidence and
mortality of HCC are increasing in many countries. These concerning trends are the opposite
of those for several other cancers.1 The data underscore the unmet need for effective
treatments for HCC. HCC often arises within a diseased liver and represents a lethal
complication of cirrhosis. The poor prognosis of HCC patients reflects the lack of
understanding of liver carcinogenesis and the failure to develop interventions that are aimed
at blocking or reversing the steps of malignant transformation. Molecular targeted therapies
focused on critical pathways are needed. Indeed, global gene expression profile studies have
revealed the activation of several pathways that drive uncontrolled growth and aberrant
survival signaling. Several key pathways have been identified. Recently, the mixed kinase
inhibitor sorafenib has been approved for use in HCC. However, no novel gene markers or
molecular prognostic factors have entered into clinical practice, emphasizing the need for
new markers for diagnosis and prognosis of HCC patients.

microRNA EXPRESSION IN LIVER CANCERS
MicroRNAs (miRNAs) are a family of genes encoding small RNA molecules that play key
roles in controlling gene expression. Mature miRNAs are the result of sequential processing
of primary miRNA transcripts (pri- miRNA), mediated by two RNA III enzymes that act
either in the nucleus (Drosha) or in the cytoplasm (Dicer).2 Mature miRNAs can negatively
regulate protein expression of specific mRNA by either translational inhibition or mRNA
degradation. These mechanisms have been extensively reviewed elsewhere.3 Widespread
alterations of miRNAs occur across the human genome in a broad array of human cancers,
and miRNA expression has been implicated in cancer genesis and progression. In fact,
miRNAs may function either as tumor-suppressor genes or as oncogenes, by targeting and
silencing mRNAs involved in carcinogenesis. Recent studies show that miRNA expression
can be more useful than mRNA based profiling for identifying tissue type of tumor origin.
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miRNAs might contribute to tumor progression, by modulating the expression of gene
products involved in phenotypic characteristics of malignant cells, such as invasion and
uncontrolled growth (Figure 1). Murakami et al observed that some miRNAs are associated
with the degree of differentiation in hepatocellular carcinoma. MiR-222, miR-106a, miR-92,
miR-17–5p, miR-20, and miR-18 are increased in poorly versus moderately versus well-
differentiated hepatomas.4 The finding of alterations in miRNA and target gene expression
in HCC and other cancers highlights potential mechanisms of tumor progression caused by a
loss of ability to control proliferation or by gain of ability to survive in hostile environments
related to these genetic changes in tumor cells. A comparison between nonmetastatic versus
metastatic HCCs performed by Budhu et al5 identified a few miRNAs that are upregulated
in metastatic tumors (miR-219 –1, miR-207, miR-38, miR-185) but whose targets are still
unknown. Conversely, a long list of downregulated miRNAs has been identified in
metastatic liver cancers. Budhu et al identified a 20- miRNAs signature that seems to be a
significant independent predictor of patients’ survival and recurrence. In particular, high
miR-219 and miR-207 and low miR-124a and miR-30c correlate with venous metastasis and
poor survival. Consistently, miR-30 expression was found to be higher in HCC patients with
tumor metastasis than in those without.6 Jiang et al7 identified a

19-miRNA signature, including miR-26, miR-29, and miR-221, that correlates with survival
risk. Recently, miR-26 was identified as an indicator of survival in the largest study of
miRNA expression in HCC.8 These findings are extremely important in view of their
relevance in clinical activity. HCC has a dismal outcome, mainly due to a high relapse rate
after surgery. The possibility of using new miRNA-based predictive and prognostic factors
might help to select patients who need adjuvant and/or more aggressive therapy.

MECHANISMS OF miRNA ALTERATION IN HCC
Genetic and Epigenetic Alterations

The causes of the widespread miRNA mis-expression in cancers are not clearly understood;
however, the origins of such abnormalities seem to be multiple. Calin et al9 investigated the
association between various cytogenetic and molecular abnormalities and the location of
miRNA genes and found that more than half of miRNA genes were located in cancer-
associated genomic regions. Sixty-five miRNAs were located exactly in minimal regions of
loss of heterozygosity (LOH) and 15 miRNAs in minimal regions of amplification,
described in a variety of tumors, including lung, breast, ovarian, colon, gastric, and
hepatocellular carcinomas, as well as leukemias and lymphomas. In addition, looking at 113
fragile sites (FRA) scattered in the human karyotype, they found that 61 miRNAs were
located in the same cytogenetic positions with FRA.9 The first suggestion of a relation
between miRNA location and chromosomal alterations came from studying hematologic
malignancies where translocations are frequent events. MiR-15a and miR-16 –1, which are
downregulated in approximately 68% of chronic lymphocytic leukemia (CLL) cases, were
found to reside in 13q14.3, a region that is frequently deleted in CLL.10 Based on this
evidence we might speculate that miRNA deregulation could be related to chromosomal
alterations in HCC. The region where miR-122a is encoded (18q21.31) is frequently lost in
HCC, suggesting that LOH might be responsible for the downregulation of miR-122 in liver
cancer. miR-151 is located in a site (8q24.3) that is frequently amplified in HCC. Indeed,
miR-151 expression is correlated with intrahepatic metastasis of HCC and increases HCC
cell migration and invasion by directly targeting RhoGDIA.11 The dimensions of miRNAs
are quite small in respect to the cDNAs of protein-coding genes, and therefore mutations in
miRNA transcripts are likely to be rare events. A combination of LOH–mutation was
reported to inactivate “two-hit” events in two cases of CLL.12 Yang et al13 analyzed
sequence variations of 59 miRNAs in HCC and reported that mutation of miRNA is a
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sporadic event in HCC and thus may not represent a main mechanism underlying
hepatocarcinogenesis.

Single-nucleotide polymorphisms (SNPs) in miRNA- encoded regions have been associated
with susceptibility to lung cancer, breast cancer, and congenital heart disease.14 Recent
studies in Chinese populations showed that miR-196A2 polymorphism was associated with
susceptibility to hepatitis B virus (HBV)-related HCC, but these data were observed only in
males.15 Conversely, the combination of nonrandom chromosomal abnormalities and other
types of epigenetic events could contribute to downregulation or overexpression of
miRNAs. It was proved that DNA demethylation and histone deacetylase inhibition can
activate expression of miR-127, which may act as a tumor suppressor by targeting the B-cell
leukemia/lymphoma 6 proto-oncogene.16 We showed that the pro-inflammatory cytokine
interleukin-6 (IL-6) may potentially regulate miR-370 expression in cholangiocarcinoma
cells, by altering the methylation status of its promoter.17 Analogously, promoter
methylation was shown to be responsible for the downregulation of miR-1 in HCC.18 We
also observed that the overexpression of miR-34a in HCC might be due to a general status of
hypomethylation.19 Thus, modulation of the methylation of miR promoters may be
responsible for miR mis-expression in HCC and prompts the clinical evaluation of
epigenetics drugs in liver cancer.

Viral Disease
Chronic infection with HBV predisposes to the development of HCC. A salient feature of
these chronic infections is the integration of subgenomic HBV-DNA fragments into many
different locations within the host DNA. HBV integration is considered one of the events
involved in hepatocarcinogenesis. Several critical genes involved in control of cell growth
and adhesion, such as cyclin A1, retinoic acid receptor, calmodulin 1, MLL2, SERCA-1, and
p53, have been identified adjacent to integrated HBV-DNA. However, because HBV-DNA
integrates into random positions of the human genome, all HBV- DNA integration does not
directly transform hepatocytes. Recently, the discovery of noncoding RNAs suggested the
hypothesis that HBV-DNA integration can exert an oncogenetic role not only by promoting
genetic instability with alteration of protein encoding genes but also by modulating the
expression of regulatory genes such as miRNAs.

HBV integration is associated with genetic instability at different locus sited near FRA.20
For example, HBV- DNA integrates at 1p36, near FRA1A. Liver dysplastic nodules
reportedly have gains in 1p and 1q,21 but during tumor progression there is LOH in these
regions,22 suggesting that the consequences of HBV integration and associated genetic
instability are often dynamic during carcinogenesis. MiR-34a is encoded on chromosome
1p36 and is frequently upregulated in HCC (Table 1). The mechanism by which this miRNA
is upregulated is still under investigation. p53, which seems to positively regulate miR-34 in
other tumor types, is often silenced in HCC and thus the relationship between miR-34a and
p53 in HCC is not fully understood. HBV-DNA integration near the miR-34a site might
provide a further reasonable explanation for the upregulation of this miRNA in HCC.
Likely, HBV integration acts synergistically on different regulatory genes that have an
additional effect on cell proliferation and transformation. In fact, integration at FRA1A may
also silence expression of miRNA-200a, which is known to be decreased in HCC compared
to non-tumor tissue (Table 1).

Interestingly, other mechanisms involving miRNA may contribute to interactions between
HBV and hepatocytes. Jin et al23 have recently shown that HBV encodes a miRNA in the
precore– core region of its genome. Although it was speculated that this viral (v)- miRNA
could affect the expression pattern of host cell genes, only the viral polymerase gene was
experimentally found as its target. Therefore, conversely to what happens to v-miRNAs
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encoded by other viruses, the HBV-miRNA does not seem to participate in the hepatitis-
induced transformation of hepatocytes. However, it might influence the capability of the
virus to proliferate and integrate into the host genome, modulating indirectly the expression
of cellular miRNAs as described above.

HBV-related HCCs have higher levels of miR-143 expression, whose induction seems to be
caused by nuclear factor kappaB (NF-KB) activation. miR-143 was shown to promote HCC
metastasis in an animal model by targeting the fibronectin type III domain containing the 3B
gene, which regulates cell motility.24

In the Western world, most cases of HCC are related to hepatitis C virus (HCV) infection.
Remarkable effort has been put into assessing the effects of miRNAs on HCV replication
(see below). However, additional evidence shows that miRNA expression may be modulated
by HCV. Several miRNA expression profiling studies show that HCV-related HCCs have a
different miRNA expression signature when compared to HCV- negative HCCs. Ura et al25
observed that some miRNAs, including miR-26 and miR-29, were commonly repressed in
HBV- or HCV-related HCC in comparison to normal liver tissues. Conversely, the
expression of other miRNAs could differentiate HBV- from HCV-related HCCs, and
thereby suggest differences in the mechanisms by which these viruses may modulate
miRNA expression.25 Studies in HCV-infected HCC cell lines confirmed the HCV-
dependent modulation of miRNA expression.26–28 Less clear is the mechanism by which
HCV modulates miRNA expression. We have shown that overexpression of HCV-proteins
can modulate miRNA expression. Upregulation of miR-193b in HCV-positive cells may
regulate apoptosis by modulating the expression of the anti-apoptotic protein Mcl-1.28

miR-155 was found to be overexpressed in HCV- replicating cells.26 Interestingly a
correlation between pre-miR-155 (BIC) and serum HCV RNA has been recently described
in HCV-infected patients. The lowest expression of BIC was found in patients that
eliminated HCV RNA from both serum and macrophages.29 Even though additional studies
are warranted to evaluate the interaction between HCV and miR-155, these data are
promising for the development of novel miRNA-based molecular markers in the assessment
of HCV-positive patients.

SELECTED miRNAs AND ROLE IN PATHOGENESIS OF LIVER CANCERS
miR-221/-222

miR-221 and miR-222 are encoded in tandem from a gene cluster located on chromosome X
(Xp11.3) and have identical 5= regions that enable them to target the same genes.30 They
behave as oncogenes in several malignancies. In HCC miR-221 and miR-222 were found to
be significantly upregulated when compared with adjacent liver tissues (Table 1). Murakami
et al4 compared miRNA expression in tumors with different degrees of differentiation and
found miR-222 as one of those miRNAs that significantly increases in poorly differentiated
HCC. Recently, miR-221 and miR-222 were found to be consistently dysregulated through
each step going from human normal liver to cirrhosis to full blown HCC.31 These miRNA
enhance tumorigenesis in vitro and in vivo by regulating several targets. HCC has a
disrupted expression of p27Kip1, a member of the Cip/Kip family of cyclin-dependent
kinase (CDK) inhibitors that function to negatively control cell cycle progression.32 Recent
data strongly support the hypothesis that miR-221/-222 regulate p27Kip1 expression at a
post-transcriptional level.31,33 Cell cycle progression is also affected by miR-221 through
the modulation of CDKN1C/p57, which was shown to correlate with a higher biological
aggressiveness, advanced stage, poor differentiation, larger size, portal invasion, and high
proliferative activity in HCC. Furthermore, a low CDKN1C/p57 labeling index is associated
with worse outcomes and lower disease-free survival after surgery, suggesting that
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miR-221/-222– dependent downregulation of CDKN1C/p57 might contribute to the
progression of HCC.34

In addition to the modulation of cell cycle, miR-221 contributes to the progression of HCC
through the inhibition of apoptosis. Bmf is a pro-apoptotic member of theBcl-2 family that
triggers caspase activation in HCC. Upregulation of miR-221 is responsible for the lack of
Bmf expression in human HCC tissues.35 How- ever, the multiple targets of miR-221 may
explain why HCCs with higher miR-221 levels were associated with a shorter time to
recurrence, whereas low Bmf levels were associated with a trend toward shorter time to
recurrence; this difference did not achieve statistical significance.35 Furthermore,
miR-221/-222 can affect the expression of DNA damage inducible transcript 4 which is a
modulator of the mammalian target of rapamycin (mTOR) pathway.31 Wong et al36 studied
gene expression profiling in HCC cells treated with anti– miR-222 and observed that Akt
signaling was the major pathway implicated in the miR-222–affected biological networks.
They further proved protein phosphatase 2A subunit B to be a target of miR-222.36
Garofalo et al37 showed the miR-221/-222 target PTEN and TIMP3 tumor suppressors, and
enhance cellular migration through the activation of the AKT pathway and
metallopeptidases. Thus, it is likely that miR-221/-222 can act synergistically on several
targets, which results in the modulation of the PI3K-akt-mTOR pathway.

The MET proto-oncogene encodes the tyrosine kinase receptor for hepatocyte growth factor
(HGF), a potent mitogen and motogen for epithelial cells. MET is overexpressed in HCC.
Patients with high MET HCC have a significantly shorter 5-year survival than patients with
low MET HCC.38 Recent evidence suggests that MET induces miR-221/-222 through AP-1
transcription factor, providing the molecular basis for the prognostic significance of
miR-221/-222.37

miR-122
One of the most abundant miRNAs in the liver is miR-122a. It is expressed in normal
hepatocytes but is downregulated in up to 70% of human HCCs (Table 1). MiR-122 is
described as a liver-specific miRNA. The expression of miR-122 can be used as a marker of
liver development and it undergoes liver-specific expression during embryonic
development. A role for miR-122 in hepatocarcinogenesis is suggested by the differential
expression of miR-122a in HCC versus non-tumor cirrhotic hepatic tissue, and by the
studies by Kutay et al39 of miRNA expression in murine HCC. In these studies, miR-122a
was decreased by 50% between 36 and 54 weeks of a folate-methyl– deficient diet, when
neoplastic transformation also occurred. In fact, none of these animals that were switched to
a folate-methyl–adequate diet after 36 weeks developed HCC or had aberrant expression of
miR-122a in the liver.

Deregulation of cell cycle progression can contribute to hepatocarcinogenesis. Cyclin G1
promotes cell cycle progression and it may be associated with genomic instability. In HCC
cells, an inverse correlation has been observed between miR122a and cyclin G1, which is a
validated target of this miRNA. In experimental hepatocarcinogenesis, loss of cyclin G1 is
associated with a significantly lower tumor incidence after carcinogenic challenges.40 Thus,
deregulated expression of cyclin G1, in response to altered miR122a expression, could
contribute to the pathogenesis of liver cancer.

While the adult liver is the major site for miR-122, CAT-1 (cationic amino acid
transporter-1) is universally expressed in all adult mammalian tissues except the liver.
During mouse embryonic development, miR-122 becomes expressed in the liver as CAT-1
mRNA begins to decrease, suggesting that CAT-1 mRNA could be an in vivo target for
degradation directed by miR-122.41
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CAT-1 is a carrier protein required in the regenerating liver for the transport of cationic
amino acids and polyamines in the late G1 phase, a process that is essential for liver cells to
enter mitosis.41 Given these data, modulation of expression of CAT-1 may be another
mechanism through which this miRNA regulates cell cycle in normal and transformed
hepatocytes. Additionaly studies by Bai et al42 identified several other targets of miR-122,
including ADAM10, SRF, and IGFR1. All of these proteins are upregulated in HCC and are
involved in the modulation of cell adhesion, motility, and growth, providing additional
evidence for the contribution of miR-122 to hepatocarcinogenesis.

These observations acquire clinical relevance in view of the correlation between overall
survival and miR-122 expression levels in human HCCs.43 Interestingly, miR-122 was
found to be repressed in HCCs that harbor an hepatoblast signature, which is specific for
poor differentiation, or c-met and late transforming growth factor-13 (TGF-13) signatures,
which are associated with poor prognosis. In support of previous findings, miR-122 loss was
also associated with high proliferation and low apoptotic features.43 Together, these data
suggest that loss of function of miR-122 can pre- dispose hepatocytes to neoplastic
transformation and contribute to disease progression and worsening of patients’ outcomes.
Therapeutic strategies aimed at re- expressing miR-122 have resulted in inhibition of tumor
growth, and, moreover, enforced expression of miR-122 in HCC cells has been shown to
enhance sorafenib-induced apoptosis, providing a rationale for future studies to test the
therapeutic potential of a combination of a miR-122 mimetic and sorafenib.42

miR-122 may also facilitate HCV replication, promoting the development of cirrhosis and
liver cancer. A binding site for miR-122 was identified in the 5″ non- coding region of HCV
RNA and is highly conserved in all six HCV genotypes. Studies with replication-defective
viral RNAs demonstrated that miR-122 affected RNA abundance by positively modulating
RNA replication.27,44–46 Conversely, functional inactivation of miR-122a led to 80%
reduction of HCV RNA replication, suggesting that loss of miR-122a in HCC may increase
resistance of cancer cells to HCV replication. This also explains why HCV RNA can
replicate only in miR-122– positive hepatoma cells, such as Huh7 cells, and not in HepG2
cells, which lack miR-122 expression.45 Recently, it was shown that the antiviral effect of
interferon-13 against HCV is mediated by some induced miRNAs, including miR-196 and
miR-448, which might act synergistically with the downregulated miR-122 to prevent
replication of the HCV genome.47

These studies are interesting not only because they highlight a link between miRNA
expression and HCV replication, but also because for the first time miRNAs are shown to
target the 5″ -end region of target RNA and to increase its expression rather than suppress it.
Although a common presumption is that miRNAs can behave as oncogenes or
oncosuppressors depending on their target genes, enhancing target gene expression may be
important for selective targets.

miR-26
Growing evidence suggests a role for miR-26 as a mediator of liver cancer progression.
Selective activatio of the oncogene MYC in the liver results in the development of
hepatocarcinomas. miRNA expression profiling studies in tumor tissues from transgenic
animals with selective hepatic MYC activation showed a remarkable repression of miR-26a
compared to the expression in the liver of control mice. Tumor-suppressor properties of this
miRNA are supported by the induction of cell cycle arrest in HCC cells with enforced
expression of miR-26. These effects are mediated by the direct modulation of cyclin E2 and
cyclin D2. In vivo delivery of miR-26 reduced cellular proliferation and increased apoptosis
in mouse liver tumors, suggesting a promising role for a miR-26 mimetic-based
therapeutics.48 In support of a role of miR-26 in liver carcinogenesis is the observed
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difference in miR-26 expression between sexes. Males are significanlty more at risk of
developing HCC than females. Recent evidence linked this discrepancy to the hormonal-
dependent different levels of IL-6.49 Profiling studies in a cohort of 224 HCC patients
revealed significantly higher levels of miR-26 expression in the non-tumoral liver tissue of
women compared to men. Although this difference has not been observed in tumor tissues,
miR-26 expression is reduced in HCC compared to non-tumoral liver regardless of sex.
Moreover, tumors with lower levels of miR-26 expression have shorter overall survival.8 A
multivariate analysis validated miR-26 as a prognostic marker for HCC and confirmed
previous studies of gene expression also in the liver tissue surrounding HCC.50 In
accordance with previous data, tumors with low miR-26 expression showed a distinct
mRNA expression compared with tumors with high miR-26. Enrichment of IL-6 and NF-
KB genes was noted, highlighting an important role for this cytokine in HCC progression
(Figure 2). Along with IL-6, many other immune-related genes (such as those encoding for
other inflammatory cytokines) are activated in low miR-26 tumors, providing an interesting
link between miR-26 and immune response. This is in line with the correlation found
between miR-26 expression and the response to interferon-a in HBV-related HCC.8 Thus,
miR-26 might represent a promising prognostic marker for HCC, able to distinguish those
tumors that are characterized by a poorer outcome but a favorable response to adjuvant
therapy with interferon-a.

miR-21
miR-21 is consistently identified as being significantly overexpressed in HCC cells when
compared to normal liver and cirrhotic cells both in animals and in humans. An important
role for miR-21 in growth regulation is suggested by studies in which it was shown to
regulate cell cycle progression and apoptosis.51,52 The role of miR-21 has been studied in
several different pathologic conditions and processes that are characterized by an increased
cell proliferation. However, the role of aberrant expression of miR-21 has been studied most
widely in tumors. The contribution of this miR-21 to the pathogenesis of cancer is suggested
by studies showing deregulated expression in several neoplasms. Aberrant expression has
been observed in cervical, head and neck, pancreatic, and breast cancers, as well as in
glioblastoma, cholangiocarcinoma, CLL, diffuse large B-cell lymphoma, and other tumors.
53 In HCC, miR-21 is highly overexpressed (Table 1) and can contribute to tumor growth
and spread by modulating the expression of gene products involved in phenotypic
characteristics of cancer cells such as cell growth, migration, and invasion.51 miR-21 was
found to be increased in the early stages of liver regeneration, suggesting a contribution of
this miRNA to hepatocyte proliferation.54 miR-21 was shown to target PTEN in HCC cells.
PTEN is a tumor-suppressor gene that is frequently decreased in liver cancer and correlates
with poor prognosis. Overexpression of miR-21 was found to silence PTEN, leading to
phosphorylation of FAK and metalloproteinases, which resulted in promotion of cell
migration and invasion.51 Other targets of miR-21 include the programmed cell death 4
(PDCD4) gene, which is reduced in HCC; peli-1, which regulates NF-KB signaling; and
tropomyosin 1, a tumor-suppressor protein reduced in HCV-associated HCC.52,55 The anti-
apoptotic activity of miR-21 is also supported by the increased expression of this miRNA
following cytotoxic drugs. In fact, we have previously shown that miR-21 modulates
gemcitabine-induced apoptosis by PTEN-dependent activation of PI3-kinase signaling in
cholangiocarcinoma cells.56 Rossi et al57 have shown that 5-fluorouracil (5-FU)
upregulates miR-21 in colorectal cancer cells and suggested that the drug- induced miRNA
dysregulation could be the expression of cellular response to the toxic effects of 5-FU. In
view of these results, miR-21 might be further studied as a potential target of therapeutic
strategies. The combination of anti–miR-21 therapy with more classical chemo- therapy
agents might help to overcome chemoresistance, promote cell death, and limit liver cancer
growth and metastasis. HCC represents a classical case of inflammation- linked cancer. IL-6
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isa multifunctional cytokine that mediates the hepatic response to systemic inflammation
and likely contributes to hepatocarcinogenesis.58

High serum level of IL-6 seems to be a risk factor for the development of HCC.49,59 Recent
data that postulate a potential role for miR-21 in the regulation of inflammatory cytokine
production and the evidence of an IL-6 – dependent induction of miR-21 in myeloma
cells60 suggest a link between overexpression of miR-21 and cytokines in the development
and maintenance of liver cancer.

miR-155
niR-155 was found within the BIC gene on chromosome 21 in humans. The genomic
structure of human BIC consists of three exons, However, it lacks a large open reading
frame and therefore its sole function may be to give rise to miR-155 encoded within exon 3.
MiR-155 is involved in regulating the innate immune response. It is induced by
inflammatory stimuli such as the bacterial endotoxin61 and it has been identified as a target
of synthetic viral intermediates and of interferon-13, the host antiviral response cytokine.62
These data indicate that immune cells, such as macrophages, respond to viral cues by
strongly upregulating miR-155 and suggest that miR-155 is a component of the primary
macrophage response to different types of inflammatory mediators. It appears that miR-155
exerts control of the mammalian immune system, at least in part, by regulating cytokine
production.63 miR-155 is up- regulated in diffuse large B-cell lymphoma, CLL, Hodgkin
disease, and pancreatic and colorectal cancers, showing that it can behave as an oncogene in
several different malignancies.64, HCC frequently develops in a background of chronic
inflammatory disease of the liver. As a component of the inflammatory response, miR-155
links inflammation and cancer. miR-155 was upregulated in mice treated with a choline-
deficient, low-methionine amino acid (CDAA) diet, which induces steatohepatitis at early
stages and leads to the formation of pre-neoplastic nodules after 65 weeks and hepatocellular
adenomas and carcinomas after 84 weeks.65 miR-155 expression level correlated positively
with the number of miR-155–positive cells, as well as the extent of inflammation in these
mice, suggesting that miR-155 could play a causal role in CDAA diet–induced pathogenesis.
In support of this hypothesis, miR-155 was found to be increased in human HCC, while its
tumor-suppressor target C/EBPB was reduced.65 In addition, miR-155 was significantly
upregulated in chronic liver disease compared to normal liver and high miR-155 expression
in non-tumoral tissues was associated with poor overall survival in HCC patients.66

miR-199a* (miR-199a-3p)
The miR-199a gene is located on chromosomes 1 and 19. miR-199a-1 is located in an intron
of the Dynamin 2 (DNM2) gene on chromosome 19p13.2. miRNA genes may be expressed
as either the mature strand or the miRNA* strand. Although the miRNA strand is generally
expressed at higher levels than the miRNA* strand, this is not the case for the miR-199a
gene in hepatic tissues, where miR-199a* expression is 100- to 300-fold higher than
miR-199a expression.7 Three independent studies showed that miR-199a and miR-199a*
are reduced by approximately twofold in HCC compared to adjacent benign and
nondiseased liver.4,7,40 We have assayed miR-199a and miR-199a* by quantitative
polymerase chain reaction (qPCR) in a variety of HCC cell lines (Skep-1, SNU449,
SNU182, HepG2, Hep38, Huh7, and PLC/PRF5) and have shown that neither mature
miR-199a nor miR-199a* is detectable in any of these HCC cell lines nor was any found in
the 37 cell lines assayed from a variety of tumor types including breast, lung, colorectal,
prostate, head and neck, pancreas cancers, and hematologic malignancies (unpublished
data). Therefore, miR-199a* is reduced in HCC tumor specimens, albeit at modest levels of
reduction, and is undetectable by qPCR in a variety of HCC cells lines. Deregulation of
miR-199a* has been shown to occur in liver tissue under conditions that generally

Braconi et al. Page 8

Semin Oncol. Author manuscript; available in PMC 2014 February 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



predispose the liver to HCC. Steatohepatitis frequently precedes liver fibrosis, liver failure,
and often HCC.67,68 Using gene expression profiling, Dolganiuc et al demonstrated that
miR-199a* (along with miR-182 and-183) was downregulated in a murine model of alcohol-
induced steatohepatitis (ASH), while three miRNAs were upregulated in the murine model
for nonalco-holic steatohepatitis (NASH).69 It is intriguing that all three miRNAs were
regulated to the same but opposite degree in ASH versus NASH. Additional studies are
warranted to determine what, if any, role miR-199a* plays in HCC patients who are inflicted
with NASH. HCV infection is a known cause of chronic hepatitis, liver cirrhosis, and HCC.
70 It has been demonstrated that certain miRNAs play important roles in regulating viral
replication and proliferation.45 Murakami et al discovered that miR-199a* has similar
sequences to the HCV genome that is conserved among all HCV genotypes. Their study
demonstrated that miR-199a* regulates HCV replication by serving as an inhibitor to cell
function. They propose that this may serve as an avenue for new HCV-targeted therapy and
hence a preventative therapy for HCC.71

Other possibilities exist in which miR-199a* regulates cell function and also may contribute
to the development of HCC. miR-199a* has been shown to target the MET proto-oncogene.
72 MET produces the transmembrane tyrosine kinase receptor for hepatocyte growth factor
receptor. The c-MET protein promotes invasive growth by inducing cell motility, invasion,
and protection from apoptosis. Increased c-MET activation has been associated with poor
survival in HCC patients.73 miR-199a* mimetic reversed the MET- induced invasive
growth in a variety of cancer cell lines. In tumors that were actively proliferating, the
miR-199a/a* locus was heavily methylated and the only cells expressing these miRNAs
were the fibroblasts within the tumor. When miR-199a* was introduced back into the tumor
cells, apoptosis was induced.72 Fornari et al demonstrated that the addition of miR-199a* to
HCC tissues led to a G1-phase cell cycle arrest and reduced invasion through its interactions
with c- MET production.74 The mTOR protein inversely correlated with miR-199a* in HCC
cell lines. Increasing miR-199a* levels resulted in increased doxorubicin sensitivity,
increased susceptibility to hypoxia, induced apoptosis, G1-phase cell cycle arrest, and
reduced invasive capability. The levels of miR-199a* and mTOR were evaluated in HCC,
cirrhotic, and normal human liver specimens; the levels of mTOR and miR-199a* were
inversely correlated in the HCC tissues. A shorter time to reoccurrence also was seen in the
patients whose tissue was low in miR-199a*.74 One final validated target of miR-199a* is
ERK.72 While this is a downstream target of c-MET, it has been independently shown to be
downregulated by miR-199a*. Therefore miR-199a* appears to have multiple levels of
control over the c-MET signaling pathway and hence decreased levels of miR-199a* may
have dramatic alterations in HCC.

Other miRNAs
Downregulation of miR-29 is a frequent event in HCC. An association between decreased
miR-29b expression and an increased alpha-fetoprotein (AFP) level was observed. Lower
miR-29b level is associated with shorter disease-free survival and is an independent
predictor for shorter disease-free survival of HCC patients.75 In vitro evidence shows a pro-
apoptotic effect of miR-29, which is mediated by the modulation of Mcl-1 and Bcl-2. These
data implicate the potential application of miR-29 in prognosis prediction and cancer
therapy for HCC patients.

TGF-13 has paradoxical roles in tumorigenesis by functioning both as a tumor-suppressor
and as an oncogene based on the stage of tumor progression.76 The late TGF-13 signature
showed an aggressive and invasive tumor phenotype relative to early TGF-13–responsive
genes.43 Interestingly, TGF-13 was shown to modulate also miRNA expression. In
particular, miR-181 is induced by TGF-13, likely as result of a late TGF-13 response (after
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24 hours).77 Indeed, miR-181 has oncogenic properties that mediate liver carcinogenesis
through the TIMP-3–mediated modulation of metalloproteinases and enhanced
chemoresistance of HCC cells.77 Along with miR-181, TGF-13 can also modulate other
miRNAs that may be involved in HCC, such as miR-23, miR-27, miR-24, miR-200,
miR-21, miR-99, miR106, miR-125, miR-101, miR-222, and miR-193. In accordance with
TGF-13’s effects on prognosis, miR-23a, miR-27a, and miR-24 closely correlated with
intrahepatic metastasis of HCC. Similarly, HCC tissues with liver cirrhosis also had a higher
expression of miR-23a and miR-27a compared with those without liver cirrhosis.78
miR-101 is a tumor-suppressor miRNA that modulates cell migration and cell growth by
acting on several targets including FOS and Mcl-1.79,80 Members of the Let-7 family have
been found to be reduced in HCC.81 In particular, Let-7g was shown to act as a tumor-
suppressor gene in liver cancer cells, by modulating the ability of the cells to proliferate and
to migrate.81,82 Indeed, Let-7g was reduced in human HCC with metastasis in comparison
with those with no distant metastasis and was predictive of poor survival in HCC patients.81
These effects seem to be mediated by the targeting of several genes, including Bcl-xL, type
1 collagen alpha2, and likely c-Myc.81–83

miRNA IN DIAGNOSIS AND PROGNOSIS OF HCC
Several recent studies have been performed of miRNA profiling in human HCC. Similar to
observations in other cancers, these studies have revealed altered expression of several
miRNAs (Table 1). Further definition of the miRNAs that are aberrantly expressed in HCC
and elucidation of their contribution to the pathophysiology of HCC is likely to be useful in
establishing a role for miRNA. On the basis of these profiling studies, signatures that are
associated with cancer or pre- cancerous changes can be identified. miRNA expression has
been studied in HCC tissues in comparison with adjacent non-neoplastic liver tissues.
Among the miRNAs that are aberrantly expressed there are several that are increased in
expression, including miR-21, miR-221/-222, and miR-181, whereas others are significantly
decreased in expression, such as miR-122, miR-101, miR-29, miR-200, miR-148a, and
mir-199a (Table 1). Thus, expression profiling in the absence of a defined role may be
useful for the diagnosis of HCC or in defining prognosis. Moreover, identification of a role
of aberrantly expressed miRNAs in cellular processes associated with cancer such as
proliferation, apoptosis, or deregulated intracellular signaling is likely to provide additional
insight into the pathogenesis of HCC that may eventually yield newer approaches to therapy.

miRNA AS THERAPEUTIC TARGETS FOR HCC
A therapeutic approach for HCC that targets miRNA would be highly innovative. Such an
approach would be promising given the evidence to date of the involvement of miRNA in
HCC pathogenesis and biology. Systemic administration of antisense LNA (locked nucleic
acid) oligonucleotides to miR-122 was recently shown to modulate miRNA and target gene
expression in the liver and result in the loss of HCV with minimal toxicities in a non-human
primate.84 This study showed the feasibility of this approach for targeting aberrantly
overexpressed miRNA in the liver. In another recent study, the therapeutic value of a
miRNA replacement strategy was described for miR-26a, a miRNA whose expression is
frequently lost in HCC.48 miR-26a can target cyclins D2 and E2 and induce G1 arrest when
expressed in human liver cancer cells. Using a mouse model of HCC, miR-26 replacement
delivered using a self-complementary adeno-associated virus vector dramatically suppressed
disease progression. Tumor-specific apoptosis was activated. These findings support the
potential of targeting tumor-sup- pressing miRNAs or aberrantly expressed miRNA as a
powerful and highly specific anticancer therapeutic modality for HCC.
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Figure 1.
Several miRNAs act synergistically to promote HCC through the modulation of multiple
cell phenotypes.
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Figure 2.
The inflammatory cytokine Interleukin 6 (IL-6) plays an important role in
hepatocarcinogenesis through the modulation of STAT3 pathway, MAPK route and cell
cycle progression. Growing evidence suggests a role for miRNAs in the regulation of IL-6.
miR-26 was shown to be inversely related to IL-6 expression in a cohort of Chinese HBV-
related HCC where low expression of miR-26 correlated with dismal outcome. Liver
expression of miR-26 is higher in women than men. Consistently, estrogen-dependent IL-6
over-expression in female rats was shown to be responsible for the lower incidence of HCC
in female. The oncogenic miR-21 was shown to be induced by IL-6 in a STAT-3-dependent
mechanism, suggesting an auto-stimulatoruy loop.
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Table 1

miRNA expression profiling studies in human liver tissues

Reference Human tissue differentially expressed miRNA

Author HCC
control liver
(adjacent or

normal)
UP in HCC DOWN in HCC

Murakami 24 22 mir-18, miR-224, miR-221/222, miR-20, miR-106 mir-199a, miR-195, miR-200a, miR-125

Pineau 104 111 mir-106b, miR-21, miR-210, miR-221/222,
miR-34a, miR-425, miR-519, miR-93, miR-96 let-7c

Gramantieri 17 21 mir-221/222, miR_21 let-7, miR-122, miR-199a, miR- 200a,
miR-223, miR-155

Li-Fu 20 20 mir-21, miR-182, miR-200c mir-101, miR-148a, miR-422, miR-41

Jiang 43 43 mir-21, miR-18, miR-33, miR-130b, miR_135,
miR-221/222, miR-301

mir-101, miR-199a, miR-139, miR-150,
miR-200b, miR-214, miR-224

Li 78 88 mir-181a, miR-221/222, miR-25, miR-34a,
miR-125

mir-101, miR-148a, miR-214, miR-29c,
miR-424, miR-224

Su 5 3
mir-18, miR-25, miR-93, miR-127-3p, miR-210,

miR-216, miR-222, miR-224, miR-326-5p,
miR-382, miR-491-5p, miR- 527

mir-29c, miR-99a, miR-100, miR-101,
miR-125b, miR-199a, miR-215, miR-223,

miR-424

Wang 19 19

mir-224, miR-182, miR-183, miR-96, miR-9,
miR-221/222, miR-216, miR-21, miR-186,

miR-301, miR-155, miR-25, miR-324, miR-137,
miR-364, miR-151

mir-214, miR-145, miR-139

Connolly 4 4
mir-20, miR-93, miR-18a, miR-148a, miR-106b,
miR-324, miR-19b, miR-17, miR- 27, miR-21,

miR-15a, miR-92

mir-22, miR-99a, miR-130a, miR-126,
let-7a, miR-122
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