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Abstract:  Epigenetic alterations, such as histone modification, DNA methylation, and
miRNA-mediated processes, are critically associated with various mechanisms of proliferation
and metastasis in several types of cancer. To overcome the side effects and limited effectiveness of
drugs for cancer treatment, there is a continuous need for the identification of more effective drug
targets and the execution of mechanism of action (MOA) studies. Recently, epigenetic modifiers have
been recognized as important therapeutic targets for hepatocellular carcinoma (HCC) based on their
reported abilities to suppress HCC metastasis and proliferation in both in vivo and in vitro studies.
Therefore, here, we introduce epigenetic modifiers and alterations related to HCC metastasis and
proliferation, and their molecular mechanisms in HCC metastasis. The existing data suggest that the
study of epigenetic modifiers is important for the development of specific inhibitors and diagnostic
targets for HCC treatment.
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1. Introduction

Hepatocellular carcinoma (HCC), a common primary liver cancer, is the second leading cause of
death in cancer patients, and is caused by chronic hepatitis B and C virus (HBV and HCV) infections
and other factors, such as alcohol, diabetes, and aflatoxin exposure [1,2]. In addition to surgical
removal, chemotherapy using sorafenib, a multikinase inhibitor, is recognized as an effective treatment
for HCC. Treatment with sorafenib, in both in vivo and in vitro studies, suppressed cell proliferation,
metastasis, and angiogenesis via inactivation of VEGFRs, Raf-1, and B-Raf [3]. However, sorafenib
resistance in advanced HCC is considered a serious problem that must be overcome for HCC therapy.
Therefore, the identification of new therapeutic targets and the development of specific inhibitors
for HCC is required [4]. Recently, several papers reported that various epigenetic modifiers and
alterations (e.g., microRNA (miRNA), histone modification, and DNA methylation) participate in
HCC proliferation and metastasis via epigenetic regulation of oncogenes and tumor suppressor genes,
suggesting that epigenetic modifiers are important therapeutic targets for the development of specific
inhibitors of HCC [5-7].

Thus, in this review, we introduce HCC-related epigenetic modifiers (miRNA, DNA
methyltransferases/demethylases, and histone methyltransferases/demethylases) and suggest their
clinical utility in HCC treatment. In particular, we summarize the molecular mechanisms and functions
of epigenetic modifiers in HCC metastasis, suggesting their potential as therapeutic targets and
diagnostic markers in HCC.
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2. MicroRNA

miRNAs regulate gene expression at the posttranscriptional level by inhibiting the translation
or decay of transcripts, depending on the target sequence matching ratio. The biogenesis of
miRNAs has been extensively studied. In brief, primary miRNAs (pri-miRNAs) are generated
by RNA polymerase II and processed into precursor miRNAs (pre-miRNAs) by the RNase III
enzyme Drosha and the DiGeorge critical region 8 (DGCRS8) microprocessor complex in nucleus [8,9].
Subsequently, pre-miRNAs are exported to the cytoplasm by exportin 5 [10], where they are
processed by Dicer and TAR RNA-binding protein (TRBP) into 21-24 nucleotide miRNA duplexes
that are unwound and incorporated into the RNA-induced silencing complex (RISC) to mature
miRNA [11,12]. However, defects in miRNA biogenesis machinery are frequently observed in various
cancers [13-15]. Furthermore, abnormal regulation of miRNA expression is linked to tumor progression
and metastasis [16,17]. In this miRNA section, we will discuss epithelial-mesenchymal transition
(EMT)-related miRNAs in HCC and their oncogenic or tumor suppressive functions (Table 1).

2.1. EMT-Related miRNAs

2.1.1. TGF-p Signaling Pathway-Related miRNAs

Transforming growth factor (TGF)-f3 signaling has been shown to play an important role in EMT.
TGEF-f3 induces cells to lose their epithelial characteristics and to acquire migratory behavior through
activating Smad (mothers against decapentaplegic homolog) signaling [18]. The major downstream
genes of TGF-{ signaling are Smad2/3 and Smad4, which act as transcription factors to change the
expression of EMT-related genes, including those in the Snail and zinc-finger E-box-binding homeobox
(ZEB) families [19,20].

Table 1. Epithelial-mesenchymal transition (EMT)-related miRNAs and their target genes in
hepatocellular carcinoma (HCC).

Signaling Pathway miRNA Regulation Expression Target Genes Functions References
TGEF-B miR-542-3p - Down TGFB1 Proliferation, EMT [21]
miR-142 DNA methylation Down TGFB1 Proliferation, EMT [22]
miR-216/217 - Up Smad7, PTEN Migration, EMT [23]
miR-300 - Down FAK Invasion, EMT [24]
miR-199b-5p - Down N-cadherin EMT, Metastasis [25]
miR-155 - Up E-cadherin Invasion, EMT [26]
miR-181a TGF-B Up BIM EMT [27]
miR-630 TGF-$ Down Slug EMT [28]
WNT miR-122 - Down Wntl Migration, [29]
Invasion
miR-148a - Down Wntl Migration, EMT [30]
miR-25 - Up RhoGDI1 Proliferation, EMT [31]
Twistl miR-26b-5p Twistl Down Smad1 Invasion, EMT [32]
miR-27a-3p Twistl Down VE-cadherin EMT [33,34]
Snail miR-1306-3p FOXM1 Up FBXL5 EMT, Metastasis [35]
miR-122 - Down Snaill, Snail2 Proliferation, EMT [36]
miR-30a, b - Down Snaill EMT, Metastasis [37,38]
miR-153 - Down Snaill Invasion, EMT [39]
Slug miR-140-5p  HBV/Unigene56159 Down Slug EMT [40]
miR-506 KLF4 Down Slug EMT [41]
Other miR-345 - Down IRF1 EMT [42]
. . VE-Cad, p120, Migration, )
Exosomal miRNAs miR-103 - Up 701 Motastasis [43]
miR-1247-3p - Up B4GALT3 Metastasis [44]
. Down in Proliferation, )
miR-320a ) CAFs PBX3 Metastasis (4]

Recent studies have indicated that abnormal regulation of miRNA-mediated TGF-3/Smad
signaling pathways induce malignant tumor development. Low expression of miR-542-3p and miR-142
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is frequently found in HCC; these two miRNAs directly regulate the TGFB1 transcript by binding to
the 3’-UTR [21,22] and, therefore, negatively regulate the TGF-3 /Smad signaling pathway, implicating
them in EMT and metastasis in HCC. However, it has been reported that Smad?, an inhibitor of
TGEF- signaling, is also regulated by miRNAs. High expression of miR-216a/217 promoted EMT, cell
migration, stem-like properties, and HCC recurrence by targeting the Smad?7, and phosphatase and
tensin homolog (PTEN) tumor suppressor genes [23].

Several studies have shown that miRNAs regulate various downstream genes of TGF-f3 signaling,
but this does not occur through Smad signaling. For example, TGF-f1-induced EMT was suppressed
by miR-300 through targeting focal adhesion kinase (FAK), which modulates EMT [24]. Another
study found an inverse correlation between miR-199b-5p and the expression of its target gene,
N-cadherin, in HCC. Restoration experiments showed that miR-199-5p overexpression in HCC
suppressed TGF-B1-induced Akt phosphorylation, and inhibition of the PI3K/ Akt pathway blocked
TGF-B1-induced N-cadherin overexpression [25].

Some studies have reported that miRNAs can be positively or negatively regulated by TGE-f
signaling. For example, treatment with recombinant TGF-1 increased miR-155 and miR-181a
expression levels in HCC [26,27]. Overexpression of these miRNAs by TGF-{3 signaling led to increased
EMT, with similar phenotypes observed after TGF-{3 treatment in vitro, by blocking E-cadherin (CDH1),
and promoting Snail and ZEB1 in HCC.

2.1.2. WNT Signaling Pathway-Related miRNAs

There are several lines of evidence that indicate that the Wnt/ 3-catenin signaling pathway plays
important roles in EMT [46]. In particular, the nuclear localization of 3-catenin increases the expression
of target genes, such as fibronectin and matrix metalloproteinase-7 (MMP-7); consequently, cells
adopted mesenchymal-like phenotypes [47].

Wang et al. found that the downregulation of miR-122 enhanced the proliferation, migration, and
invasion of HCC. However, they showed that miR-122 overexpression decreased cell proliferation,
migration, and invasion by targeting Wntl, and inhibiting EMT-related gene expression [29]. miR-148a
also has a binding site in the Wntl 3’-UTR, and negatively regulates Wntl expression in HCC [30].
Therefore, the expression of miR-122 and miR-148a attenuates the Wnt signaling pathway by inhibiting
Wntl expression, thereby suppressing progression through EMT and cancer stem cell (CSC)-like
properties in HCC.

The Wnt/(3-catenin signaling pathway can regulate miRINA expression levels. For example,
miR-25 is significantly upregulated in human HCC tissues compared with normal liver tissues. The
functions of miR-25 include stimulating HCC cell growth and activating EMT by targeting Rho GDP
dissociation inhibitor alpha (RhoGDI1) [31]. miR-25 is upregulated by the Wnt/ 3-catenin signaling
pathway. miR-25 expression levels are positively correlated with 3-catenin levels, and negatively
correlated with RHOGDI1 levels in HCC.

2.1.3. Snail-, Slug-, and Twist1-Related miRNAs

Snaill is the critical point of convergence in EMT regulation and represses CDH1 expression at
the transcriptional level [48]. A previous report showed that miR-1306-3p activation by Forkhead box
protein M1 (FOXM1) directly inhibits the F-box/LRR-repeat protein 5 (FBXL5) gene, which regulates
Snail protein stability by binding to its 3’-UTR. Upregulation of miR-1306-3p by FOXM1 suppresses
FBXLS5, resulting in increased Snail stability. Therefore, high expression of miR-1306-3p promoted EMT
progression [35]. miR-122 downregulation is associated with tumor invasion and metastasis in HCC.
Functional studies have shown that the upregulation of miR-122 inhibits cell proliferation and EMT
by targeting the expression of Snaill and Snail2 [36]. miR-30a and miR-30b have been reported to
negatively regulate Snaill in HCC, but the downregulation of miR-30a and miR-30b in HCC affects
EMT by increasing Snail expression levels [37,38]. Furthermore, Snaill is also negatively regulated by
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miR-153 in HCC. Ectopic expression of miR-153 inhibited migration, invasion, and EMT, and decreased
EMT marker levels [39].

Previously, miR-140-5p and miR-630 were found to directly bind to Slug and negatively regulate
its expression in HCC [28,40]. Another study showed that miRNAs upregulated by KLF4 included
miR-153, miR-506, and miR-200b, which target Snaill, Slug, and ZEB1 mRNA, respectively [41].

Recent reports have shown that Twistl induces EMT and promotes metastasis in HCC because it
regulates various EMT-associated genes. Significant downregulation of miR-26b-5p and miR-27a-3p
has been found in HCC. Mechanistically, Twistl could suppress these miRNAs by binding to their
promoter regions [32-34]. Previous studies showed that overexpression of miR-26b-5p and miR-27a-3p
suppressed EMT and invasion by targeting Smad1 and VE-cadherin, respectively.

In addition, high expression of miR-345 inhibited EMT and cell mobility by targeting
IRF1-mediated mTOR/STAT3/AKT signaling, and genes downstream of these pathways, including
Snail, Slug, and Twist, are related to EMT in HCC [42].

2.2. Metastasis-Related Exosomal miRNAs

Exosomes, a type of extracellular vesicle, are small vesicles less than 200 nm in diameter [49]. In
the human body, exosomes secreted by cells exist in body fluids, such as serum and urine, and contain
DNA, mRNA, noncoding RNA, and protein. Exosomes move to other cells and communicate via
their contents.

A previous study showed that a high level of miR-103 was associated with a higher metastasis
potential of HCC. Exosomal miR-103 increases vascular permeability and promotes metastasis by
directly targeting endothelial junction proteins, including VE-cadherin (VE-Cad), p120-catenin (p120),
and zonula occludens 1 (ZO1). Therefore, miR-103 is a therapeutic target and metastasis marker
of HCC [43]. Another study showed that highly metastatic liver cancer cells secreted exosomal
miR-1247-3p, which affected cancer-associated fibroblasts (CAFs). The functions of miR-1247-3p
include suppressing BAGALT3 expression and promoting lung metastasis [44]. A previous report
showed that CAF-derived miR-320a is related to HCC progression and metastasis. A low level of
exosomal miR-320a of CAF promotes HCC progression and metastasis by targeting the PBX3-Erk1/2
pathway in HCC [45]. Thus, exosomal miRNAs might be used not only as diagnostic or prognostic
markers, but also as therapeutic targets for the treatment of malignant HCC.

3. DNA Methylation

DNA methylation catalyzed by DNA methyltransferases (DNMTs) is a chemical modification
of DNA that occurs by conjugation of a methyl group to the 5" carbon position of the cytosine ring,
which is crucial for regulating gene expression [50]. In cancer, the expression of tumor suppressor
genes is frequently silenced by CpG island hypermethylation in promoter regions [51]. Therefore, the
upregulation of DNMTs promotes cancer development [52]. For example, the mRNA levels of DNMTs,
including DNMT1, DNMT3a, and DNMT3Db, are significantly higher in HCC than in nonneoplastic
liver tissues [53]. In addition, the increased expression of DNMTs is recognized as a predictor of poor
survival in HCC [54]. To date, numerous studies have demonstrated that DNMT-mediated epigenetic
changes regulate HCC metastasis, invasion, progression, and development [55]. This section provides
information on the regulation of HCC metastasis by DNMTs and their molecular mechanism (Table 2).
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Table 2. DNA methyltransferases in HCC metastasis.

Genes Function References

Osteopontin induces HCC metastasis through increasing DNMT1 expression and

DNMT1 the hypermethylation of RASSF1, GATA4, and CDKL2 501
HGF-mediated HCC metastasis is associated with the induction of DNMT1 57]
expression and the hypermethylation of MYOCD, PANX2, and LHX9
ROS induces E-cadherin promoter methylation through Snail-dependent 58]
DNMT1 recruitment g
Increased DNMT3b expression in HCC patients is associated with poorer overall

DNMT3 - . A [59]
survival and a shorter metastasis-free survival interval
HBx induces DNMT3a and 3b recruitment and MTA1 promoter [60]
hypermethylation, which interferes with the DNA binding of p53
DNMT3b reduces the expression of the metastasis suppressor MTSS1 via a DNA [61]
methylation-independent mechanism

Undefined DNMTs  Inhibition of DNMT by Aza restores downregulated PCDH10 expression in HCC [62]
Promoter hypomethylation upregulates CD147 expression by increasing [63]
Sp1 binding )
The reduction in SLIT2 expression by promoter methylation correlates with [64]
lymph node metastasis in HCC
3.1. DNMT1

To date, several studies on the roles of DNMT1 in HCC metastasis have been reported. In
CD133+/CD44+ cells, a subpopulation of HCC with CSC properties, a noncollagenous bone matrix
protein osteopontin (OPN), enhances HCC metastasis by regulating DNA methylation. Knockdown
of OPN in CD133+/CD44+ cells suppressed sphere formation and migration by inhibiting DNMT1
expression, which reduced the methylation of tumor suppressor genes such as RASSF1, GATA4, and
CDKL2 [56].

The axis governed by hepatocyte growth factor (HGF) and its receptor c-Met plays important
roles in cell proliferation, survival, and migration in the liver [65]. Within the HCC microenvironment,
epigenetic upregulation of c-Met is associated with tumor progression and metastasis [66]. Epigenetic
analysis of the c-Met promoter clarified that a significant reduction in DNA methylation is correlated
with increased c-Met expression in circulating tumor cells (CTCs) during hematogenous metastasis of
HCC [66]. Another study on the role of HGF in HCC metastasis reported that the induction of DNMT1
expression by HGF resulted in DNA hypermethylation of tumor suppressor genes, including MYOCD,
PANX2, and LHX9 [57]. It has been reported that reactive oxygen species (ROS) are involved in tumor
metastasis, migration, invasion, and tumor angiogenesis [67]. In HCC cells, ROS inhibit the expression
of E-cadherin, a regulator of EMT, by inducing epigenetic changes in the promoter [58]. Moreover, the
regulatory mechanism was clarified as follows: ROS upregulate Snail expression by activating the
PI3K/Akt/GSK3[ pathway and, then, Snail induces CpG methylation of the E-cadherin promoter by
recruiting DNMT1 [58].

3.2. DNMT3

Several recent studies have shown that DNMT3 regulates HCC invasion and metastasis. A
clinicopathological study by Oh et al. reported significant correlations between DNMT expression
and overall survival and metastasis-free survival in HCC patients [59]. Among the DNMTs, DNMT3b
showed a greater than 4-fold increase in mRNA levels in HCC compared to nonneoplastic livers,
and these increased levels were associated with poorer overall survival and a shorter metastasis-free
survival interval [59].

In HCC metastasis and invasion, DNMT3 is involved in the epigenetic regulation of the
metastasis-associated protein 1 (MTA1) gene [68]. MTA1 is known as a modulator of cancer-promoting
processes, including invasion, angiogenesis, metastasis, and survival [69]. In HBV-associated HCC, the
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HBYV X (HBx) protein enhances MTA1 expression by epigenetic regulation. A molecular mechanism
has been clarified in which HBx induces MTA1 transcription by increasing promoter methylation and
releasing p53 through the recruitment of DNMT3a and DNMT3b [60]. In addition to gene silencing
by DNMT3b through epigenetic modification, a DNA methylation-independent mechanism in HCC
metastasis has also been identified. A study by Fan et al. demonstrated that metastasis suppressor 1
(MTSS1) is a novel target gene of DNMT3b, and its expression was negatively associated with DNMT3b
overexpression in clinical HCC specimens [61]. The mechanism of action (MOA) by which DNMT3b
inhibits MTSS1 expression was determined to involve direct binding to the MTSS1 promoter region
rather than DNA hypermethylation [61].

3.3. Undefined DNMTs

To date, several studies on the epigenetic regulation of tumor suppressor gene expression by
undefined DNMTs have been reported in HCC. PCDH10 was recently demonstrated to be a tumor
suppressor gene, and is frequently silenced in HCC [70]. An analysis of the clinicopathologic features
of HCC patients found a significant correlation between the methylation status of PCDH10 and
metastasis [62]. Treatment with the DNA methyltransferase inhibitor 5-aza-2’-deoxycytidine (Aza)
restored PCDH10 mRNA expression by inhibiting promoter methylation, indicating that decreased
PCDHI10 expression is related to the promoter methylation status in HCC [62].

The transmembrane glycoprotein CD147 has been implicated in HCC progression and metastasis,
and CD147 gene silencing reduced MMP secretion and the invasive potential of HCC cells [71].
Within HCC patient tissues, an inverse correlation between CD147 expression and methylation
status has been reported, and a mechanism study with Aza revealed that promoter hypomethylation
enhances CD147 expression by increasing Sp1 binding [63]. In addition, SLIT2 has been proposed
to be a tumor suppressor gene that is epigenetically silenced in various cancers [72-74]. In HCC, a
reduction in SLIT2 expression by promoter methylation correlated with lymph node metastasis [64].
Moreover, overexpression of SLIT2 in the SMMC-7721 HCC cell line reduced cell growth, invasion,
and migration [64].

Therefore, DNA methylation status and DNMT levels may be potential biomarkers of HCC and
attractive therapeutic targets for HCC treatment.

4. Histone Modifications

Histone modifications, such as histone methylation, acetylation, and ubiquitination, critically
control oncogenes and tumor suppressor genes at the transcriptional level during tumor
progression [75,76]. Among the histone modifying enzymes, histone methyltransferases and
demethylases are the primary focus in studies on molecular targets for anticancer drug
development [77]. In HCC, several recent papers have reported that histone methylation is tightly
connected to the up- and downregulation of metastasis- and proliferation-related genes. To initiate
HCC metastasis from primary tumors, various methyltransferases and demethylases methylate histone
H3 lysine (K) 4 and K36, which causes conformational changes affecting the balance and distribution
of euchromatin and heterochromatin, leading to the upregulation of mesenchymal-epithelial transition
(MET)-related genes. In contrast, these genes are involved in the downregulation of EMT-related genes
after the formation of heterochromatin through methylation of histone H3K9 and K27 [78]. Therefore,
here, we introduce the overexpression of histone methyltransferases and demethylases in HCC, and
discuss the role of these histone modifying enzymes in HCC metastasis and proliferation (Table 3).
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Table 3. Histone methyltransferase /demethylase in HCC metastasis.

Function Reference

Histone methyltransferase

Upregulation of CHD5, DLC1, FHL1, miR-22, and miR-203 by EZH2 knockdown-reduced
HCC metastasis

Downregulation of Tiam1 and SP1 by SETDB1-decreased EMT and cell migration/invasion [84,85]
Induction of RARRES3 by EHMT2 knockdown-suppressed HCC metastasis and

[79-83]

proliferation [86]
Knockdown of SUV39H1 by miR-125b-induced cell senescence and metastasis [87]
Histone demethylase

Epigenetic silence of BMP7 and PTEN by KDM5C and JARID1B knockdown-reduced cell [88,89]
invasion/migration and wound healing analysis !
miR-615-5p downregulation knocked down KDM4B levels, which increased RAB24 [90]
expression and induced HCC growth and metastasis

miR-941 decreased KDMG6B levels to reduce cell migration and invasion in vitro and [91]

in vivo

4.1. Histone Lysine Methyltransferase

Enhancer of zeste homolog 2 (EZH?2) is a member of the polycomb group complex and plays
an important role in the proliferation and metastasis of various cancers via methylation of histone
H3K27 [92]. EZH2 mRNA is highly expressed in HCC cell lines and primary HCC tumors; moreover,
clinicopathological analysis of EZH2 revealed a statistically significant difference in portal vein invasion
between the high expression group and the low expression group [93]. Regarding the epigenetic
regulation of tumor suppressor genes, the upregulation of chromodomain helicase DNA binding
protein 5 (CHDS5), which acts as a tumor suppressor in several types of cancer [94], by shEZH?2, led to
a reduction in cell migration and invasion, and a negative correlation between EZH2 and CHD5 was
observed in HCC patients [79]. Additionally, the upregulation of tumor suppressor deleted in liver
cancer 1 (DLC1) and four and a half LIM domains 1 (FHL1) by DZNep, an EZH2-specific inhibitor, also
suppressed the proliferation and migration of HCC cell lines [80,81]. Recently, several papers have
reported on the regulation of EZH2 and miRNA in HCC metastasis. miR-173 suppressed migration
and invasion by downregulating the EZH2-STAT3 signaling pathway [95], and the upregulation of
miR-22 and miR-203 by epigenetic regulation of EZH2 decreased HCC metastasis [82,83]. Moreover,
miR-124 and miR-26a decreased EZH?2 levels to reduce HCC metastasis in vivo and in vitro [96,97].

SETDB1 (KMT1E) is a methyltransferase that targets histone H3K9 methylation to repress gene
expression [98]. SETDB1 knockdown and overexpression studies, in vivo and in HCC cell lines,
clearly established its involvement in cell proliferation. In addition, downregulation of T-lymphoma
invasion and metastasis gene (Tiam1), by SETDB1 knockdown in HCC cell lines, reduced EMT and cell
migration/invasion. Finally, a positive correlation between SETDB1 and Tiam1 was observed in HCC
tissues [84]. The transcription factor SP1 is involved in the positive regulation of SETDB1 in HCC, and
overexpression of miR-29a significantly suppressed SETDB1 expression [85].

Euchromatic histone lysine methyltransferase 2 (G9a, EHMT2) and suppressor of variegation
3-9 homolog 1 (SUV39H1) predominantly methylate histone H3K9 to induce the formation of
heterochromatin, and are overexpressed in several types of cancer [99-101]. In HCC, G9a upregulation
was significantly associated with aggressive clinicopathological features of HCC, and G9a knockdown
suppressed HCC cell metastasis and proliferation via the induction of retinoic acid receptor
responder protein 3 (RARRES3) [86]. In addition, suppression of G9a expression by treatment with
basil polysaccharide under hypoxia also induced EMT markers and reduced MET markers [102].
Upregulation of SUV39H1 in HCC cell lines markedly enhanced cell clonogenicity. In addition,
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SUV39H1 knockdown by the overexpression of miR-125b, a posttranscriptional regulator of SUV39H]1,
induced cell senescence, and reduced cell migration and metastasis [87].

4.2. Histone Lysine Demethylases

KDM5C and JARIDI1B are histone demethylases in the family of JmjC domain-containing
proteins that mainly demethylate histone H3K4 to suppress gene expression via the formation
of heterochromatin, and are overexpressed in many types of cancer [103,104]. In HCC, KDM5C
and JARID1B are abundantly expressed in invasive human HCC cells, and are correlated with
distant metastasis in HCC. The roles of KDM5C and JARID1B in HCC have been clarified by
various experiments—for example, knockdown of KDM5C and JARID1B reduced migration, invasion,
and wound healing via epigenetic silencing of BMP7 and PTEN expression, respectively [88,89].
Demethylation of histone H3K9 and K27 leads to the formation of open chromatin structures;
knockdown of KDM4B, a H3K9 demethylase, decreased miR-615-5p expression in HCC cell lines.
Subsequently, a reduction in miR-615-5p expression induced HCC growth and metastasis, in vitro,
through increased RAB24 expression [90]. The expression of KDM6B (H3K27 demethylase) is critically
regulated by miR-941 levels in HCC cells. Low KDMB6B levels in response to miR-941 regulation
reduced cell proliferation, migration, and invasion in vitro and in vivo [91]

5. Clinical Application of Epigenetic Alterations as Hepatic Metastasis Biomarkers and
Epigenetic Modifiers as Therapeutic Targets

Cancer metastasis, the spread of cancer cells from the primary site, is the major cause of morbidity
and mortality in various cancers. HCC metastasis is defined as either intrahepatic metastasis (IHM)
via portal vein dissemination, or extrahepatic metastasis (EHM) to other organs, including the lungs,
lymph nodes, bones, and adrenal glands [105-107]. Although IHM is the most effective predictor of
the risk of recurrence after curative resection [108], approximately 80% of EHM patients present at a
more advanced intrahepatic tumor stage at diagnosis [106,109], and EHM has also been detected in
patients with early stage intrahepatic HCC [110]. Therefore, early detection of metastasis is crucial
to make adequate treatment plans and to avoid unnecessary therapy. Recently, advanced imaging
techniques have improved the detection rate of small tumors and the characterization of hepatic
lesions. Nonetheless, there are still limits on the prediction and early diagnosis of hepatic metastases.

EMT and MET have been proposed to be engines of metastasis in various cancers, including
HCC [111-113]. During EMT, E-cadherin is repressed, and 3-catenin undergoes nuclear translocation;
these events are significantly correlated with IHM and poor survival of HCC patients. Similarly,
E-cadherin is strongly expressed in nonmetastatic HCC tissue, whereas it is weakly expressed in
metastatic tissues [114]. In analyses of EMT-related markers’ expression using the 123 HCC tissue
cohort, overexpression of Snail and Twist was correlated with the downregulation of E-cadherin
expression, and was related to a worse disease prognosis [115]. Another study of EMT-related genes
in a cohort of 128 HCC patients revealed that four candidate genes (E-cadherin (CDH1), inhibitor
of DNA binding 2 (ID2), matrix metalloproteinase 9 (MMP9), and transcription factor 3 (T'CF3))
were independent prognostic factors for the overall survival of HCC patients [116]. Moreover, low
E-cadherin and high vimentin expression were significantly correlated with poor tumor differentiation,
vascular invasion, and extrahepatic recurrence in 150 HCC patients [117]. Intriguingly, EMT also
plays critical roles during liver cell fibroproliferative wound healing, which can lead to fibrosis, and is
associated with chronic inflammation and repair of adult tissues after injury. Several previous studies
demonstrated that human hepatocytes and cholangiocytes can be induced to undergo EMT by TGF-f3
or hedgehog, and they actively contribute to liver cell fibrogenesis [118-120].

Since EMT is a crucial event in hepatocyte progression and metastasis, epigenetic alterations
have potential as clinically applicable biomarkers and therapeutic targets in HCC. (Figure 1) As we
described above, several transcription factors, such as SNAIL, SLUG, ZEB1, and ZEB2/SIP1, participate
in the repression of epithelial markers (E-cadherin) and the conversion of epithelial-like cancer cells
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into metastatic cancer cells. In this context, multiple aspects of epigenetic regulation, including
DNA methylation, histone modification, and noncoding RNAs, are cooperatively engaged in EMT
regulation. The inverse correlation between E-cadherin expression and hypermethylation of the CDH1
gene promoter has been confirmed in many cancers [121-123]. In addition, increased methylation
of CDHI1 was related to worse overall survival, which was associated with vascular invasion and
recurrence in HCC [122,123]. Notably, aberrant cytosine methylation itself was reported as a possible
molecular marker for HCC progression, and treatment with the DNMT inhibitor decitabine inhibited
the invasiveness of HCC cells [124,125]. Several EMT transcriptional factors also epigenetically regulate
CDH1 gene expression. Snail recruits the histone demethylase lysine-specific demethylase 1 (LSD1),
which removes the dimethylation of K4 on histone H3 (H2K4m?2) and mediates the transcriptional
repression of CDH1 [126]. Elevated Snail levels predict the poor survival of HCC patients [127].

HCC Metastasis

miRNAs & exosomal miRNAs

'd ™\
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Figure 1. Summary for epigenetic regulation in HCC metastasis.

Currently, noncoding RNAs have been highlighted as new regulators of various genes, including
EMT-related genes. The best-known EMT-related miRNAs are those in the miR-200 family (miR-200a,
miR-200b, miR-200c, miR-141, and miR-429) and miR-205 [113,128]. Expression of genes in the
miR-200 family is reversibly controlled by promoter CpG methylation during EMT and MET in cancer
metastasis. In addition, Bundh et al. discovered 20 HCC metastasis-specific miRNAs via miRNA
microarray analysis of 29 metastatic HCC tissues vs. 102 nonmetastatic HCC tissues [129]. This
20-miRNA signature could significantly predict HCC metastasis status with an overall accuracy of 76%.
In further analysis, miR-219-5p was found to be an important metastasis-related miRNA in HCC [130].
CDH1 was directly regulated by miR-219-5p, and high miR-219-5p expression in HCC tissues was
associated with vascular invasion and poor prognosis in HCC patients.

In terms of cancer biomarkers, the body fluid-based liquid biopsy concept has recently emerged for
the noninvasive analysis of biomarkers. Indeed, many research groups have discovered and published
on circulating HCC-derived biomolecules. Circulating cell-free methylated DNA from cancer cells has
been detected in HCC patient body fluids, such as serum, plasma, and urine. Hypermethylated DNA
from the Ras association domain family protein 1A (RASSF1A) gene was detectable in over 90% of
HCC patient sera samples, and predicted a shorter relapse-free survival interval for HCC patients [131].
Interestingly, another group demonstrated that the methylation status of 5 tumor suppressor genes
(APC, FHIT, p15, p16, and E-cadherin) in HCC tissues was successfully reproduced in plasma circulating
DNA [132]. Thus, circulating methylated DNA is readily detectable and has potent clinical utility, such
as in early HCC diagnosis and prognosis prediction. Nonetheless, HCC metastasis-specific circulating
DNA methylation has not yet been reported.

Circulating miRNAs are another potential noninvasive marker for HCC liquid biopsy. A
nested case-control study with prospectively collected sera from HCC patients and controls revealed
significantly increased serum levels of miR-29a, miR-29¢, miR-133a, miR-143, miR-145, miR-192, and
miR-505 in patients with HCC [133]. In addition, Ding et al. reported the high frequency expression of
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3 miRNAs (miR-21, miR-199, and miR-122) based on a meta-analysis, and these miRNAs may be more
specific for the diagnosis of HCC [134]. Moreover, multiple circulating miRNAs have been reported as
candidate markers for the detection of HCC. HCC patients with HBV or HCV infection had relatively
high circulating levels of miR-21, miR-222, and miR-223 [135,136]. Serum miRNA-34 was proposed as
a predictive marker of bone metastasis in patients with HCC [137].

In recent years, exosomes, a type of extracellular microvesicle, have been shown to be vehicles
for miRNAs. Therefore, exosomal miRNAs may be stable in body fluids due to the protective role
of exosomes against RNase. Exosomes carrying cancer-specific miRNAs are released from cancer
cells and can circulate in body fluids. After being delivered into acceptor cells, exosomal miRNAs
play functional roles by targeting specific genes. miR-21 plays an oncogenic role in various cancer
tissues. Recently, high levels of exosomal miR-21 were reported in serum from HCC patients, and
were shown to be significantly associated with HCC patient prognosis [138]. Notably, miR-21 was
highly concentrated in exosomes compared to whole serum, which indicates that exosomal miR-21 is a
more sensitive marker. Other exosomal miRNAs have also been suggested as diagnostic markers of
HCC. For instance, the levels of exosomal miR-18a, miR-221, miR-222, and miR-224 were significantly
higher in the serum of patients in the HCC group than in the hepatitis and liver cirrhosis groups [139].

Collectively, EMT plays critical role in HCC development and metastasis. EMT is modulated
via several epigenetic changes, such as DNA methylation, histone modifications, miRNAs, indicating
each epigenetic modifier has great potential to serve as a novel diagnostic and/or therapeutic marker
for HCC metastasis. Thus, future research should be more focused on the development of specific
inhibitors, discovery of cancer metastasis biomarker, and MOA studies based on epigenetic modifiers.

Acknowledgments: This study was supported by grants from the National Research Foundation of Korea (NRF)
funded by the Ministry of Science, ICT and Future Planning (2014R1A5A2009242, NRF-2018M3A9H3023077,
NRF-2016R1C1B2011739 and NRF-2017R1C1B2012268) and the KRIBB Research Initiative Program.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  El-Serag, H.B.; Mason, A.C. Rising incidence of hepatocellular carcinoma in the United States. N. Engl.
J. Med. 1999, 340, 745-750. [CrossRef] [PubMed]

2. Llovet, ].M.; Burroughs, A.; Bruix, ]. Hepatocellular carcinoma. Lancet 2003, 362, 1907-1917. [CrossRef]

3. Llovet, ].M.; Ricci, S.; Mazzaferro, V.; Hilgard, P; Gane, E.; Blanc, J.F; de Oliveira, A.C.; Santoro, A.;
Raoul, J.L.; Forner, A ; et al. Sorafenib in advanced hepatocellular carcinoma. N. Engl. ]. Med. 2008, 359,
378-390. [CrossRef] [PubMed]

4. Chen,],;]Jin, R; Zhao, J.; Liu, J.; Ying, H.; Yan, H.; Zhou, S.; Liang, Y.; Huang, D.; Liang, X.; et al. Potential
molecular, cellular and microenvironmental mechanism of sorafenib resistance in hepatocellular carcinoma.
Cancer Lett. 2015, 367, 1-11. [CrossRef] [PubMed]

5. Hardy, T.; Mann, D.A. Epigenetics in liver disease: From biology to therapeutics. Gut 2016, 65, 1895-1905.
[CrossRef] [PubMed]

6. Herceg, Z.; Paliwal, A. Epigenetic mechanisms in hepatocellular carcinoma: How environmental factors
influence the epigenome. Mutat. Res. 2011, 727, 55-61. [CrossRef] [PubMed]

7. Ozen, C.; Yildiz, G.; Dagcan, A.T.; Cevik, D.; Ors, A.; Keles, U.; Topel, H.; Ozturk, M. Genetics and epigenetics
of liver cancer. New Biotechnol. 2013, 30, 381-384. [CrossRef]

8. Lee, Y,; Ahn, C,; Han, J.; Choi, H.; Kim, J.; Yim, J.; Lee, J.; Provost, P; Radmark, O.; Kim, S.; et al. The nuclear
RNase III Drosha initiates microRNA processing. Nature 2003, 425, 415-419. [CrossRef]

9. Han,]J,; Lee, Y;; Yeom, K.H.; Kim, YK, Jin, H.; Kim, V.N. The Drosha-DGCR8 complex in primary microRNA
processing. Genes Dev. 2004, 18, 3016-3027. [CrossRef]

10. Lund, E.; Guttinger, S.; Calado, A.; Dahlberg, J.E.; Kutay, U. Nuclear export of microRNA precursors. Science
2004, 303, 95-98. [CrossRef]

11.  Chendrimada, T.P.; Gregory, R.I.; Kumaraswamy, E.; Norman, J.; Cooch, N.; Nishikura, K.; Shiekhattar, R.
TRBP recruits the Dicer complex to Ago2 for microRNA processing and gene silencing. Nature 2005, 436,
740-744. [CrossRef] [PubMed]


http://dx.doi.org/10.1056/NEJM199903113401001
http://www.ncbi.nlm.nih.gov/pubmed/10072408
http://dx.doi.org/10.1016/S0140-6736(03)14964-1
http://dx.doi.org/10.1056/NEJMoa0708857
http://www.ncbi.nlm.nih.gov/pubmed/18650514
http://dx.doi.org/10.1016/j.canlet.2015.06.019
http://www.ncbi.nlm.nih.gov/pubmed/26170167
http://dx.doi.org/10.1136/gutjnl-2015-311292
http://www.ncbi.nlm.nih.gov/pubmed/27624887
http://dx.doi.org/10.1016/j.mrrev.2011.04.001
http://www.ncbi.nlm.nih.gov/pubmed/21514401
http://dx.doi.org/10.1016/j.nbt.2013.01.007
http://dx.doi.org/10.1038/nature01957
http://dx.doi.org/10.1101/gad.1262504
http://dx.doi.org/10.1126/science.1090599
http://dx.doi.org/10.1038/nature03868
http://www.ncbi.nlm.nih.gov/pubmed/15973356

Int. ]. Mol. Sci. 2018, 19, 3978 11 0f 17

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Hammond, S.M.; Boettcher, S.; Caudy, A.A.; Kobayashi, R.; Hannon, G.J. Argonaute2, a link between genetic
and biochemical analyses of RNAIi. Science 2001, 293, 1146-1150. [CrossRef] [PubMed]

Wu, J.E; Shen, W,; Liu, N.Z.; Zeng, G.L.; Yang, M.; Zuo, G.Q.; Gan, X.N.; Ren, H.; Tang, K.F. Down-regulation
of Dicer in hepatocellular carcinoma. Med. Oncol. 2011, 28, 804-809. [CrossRef] [PubMed]

Muralidhar, B.; Winder, D.; Murray, M.; Palmer, R.; Barbosa-Morais, N.; Saini, H.; Roberts, I.; Pett, M.;
Coleman, N. Functional evidence that Drosha overexpression in cervical squamous cell carcinoma affects
cell phenotype and microRNA profiles. J. Pathol. 2011, 224, 496-507. [CrossRef] [PubMed]

Sugito, N.; Ishiguro, H.; Kuwabara, Y.; Kimura, M.; Mitsui, A.; Kurehara, H.; Ando, T.; Mori, R;;
Takashima, N.; Ogawa, R.; et al. RNASEN regulates cell proliferation and affects survival in esophageal
cancer patients. Clin. Cancer Res. 2006, 12, 7322-7328. [CrossRef] [PubMed]

Calin, G.A.; Croce, C.M. MicroRNA signatures in human cancers. Nat. Rev. Cancer 2006, 6, 857-866.
[CrossRef] [PubMed]

Garzon, R.; Calin, G.A.; Croce, C.M. MicroRNAs in Cancer. Annu. Rev. Med. 2009, 60, 167-179. [CrossRef]
Xu, J.; Lamouille, S.; Derynck, R. TGF-beta-induced epithelial to mesenchymal transition. Cell Res. 2009, 19,
156-172. [CrossRef]

Nieto, M.A. The snail superfamily of zinc-finger transcription factors. Nat. Rev. Mol. Cell Biol. 2002, 3,
155-166. [CrossRef] [PubMed]

Batlle, E.; Sancho, E.; Franci, C.; Dominguez, D.; Monfar, M.; Baulida, J.; Garcia De Herreros, A. The
transcription factor snail is a repressor of E-cadherin gene expression in epithelial tumour cells. Nat. Cell Biol.
2000, 2, 84-89. [CrossRef]

Zhang, T.; Liu, W.; Meng, W.; Zhao, H.; Yang, Q.; Gu, S.J.; Xiao, C.C.; Jia, C.C.; Fu, B.S. Downregulation
of miR-542-3p promotes cancer metastasis through activating TGF-beta/Smad signaling in hepatocellular
carcinoma. Onco Targets Ther. 2018, 11, 1929-1939. [CrossRef] [PubMed]

Yu, Q.; Xiang, L.; Yin, L.; Liu, X,; Yang, D.; Zhou, J. Loss-of-function of miR-142 by hypermethylation
promotes TGF-beta-mediated tumour growth and metastasis in hepatocellular carcinoma. Cell Prolif. 2017,
50, €12384. [CrossRef]

Xia, H.; Ooi, L.L.; Hui, K.M. MicroRNA-216a/217-induced epithelial-mesenchymal transition targets PTEN
and SMADY to promote drug resistance and recurrence of liver cancer. Hepatology 2013, 58, 629-641.
[CrossRef] [PubMed]

Wang, R.; Yu, Z.; Chen, F; Xu, H,; Shen, S.; Chen, W.; Chen, L.; Su, Q.; Zhang, L.; Bi, J.; et al. miR-300
regulates the epithelial-mesenchymal transition and invasion of hepatocellular carcinoma by targeting the
FAK/PI3K/AKT signaling pathway. Biomed. Pharmacother. 2018, 103, 1632-1642. [CrossRef] [PubMed]
Zhou, S.J.; Liu, EY,; Zhang, A .H.; Liang, H.F; Wang, Y.; Ma, R;; Jiang, Y.H.; Sun, N.F. MicroRNA-199b-5p
attenuates TGF-betal-induced epithelial-mesenchymal transition in hepatocellular carcinoma. Br. J. Cancer
2017, 117, 233-244. [CrossRef] [PubMed]

Li, D.P; Fan, J.; Wu, Y].; Xie, Y.F; Zha, ] M.; Zhou, X.M. MiR-155 up-regulated by TGF-beta promotes
epithelial-mesenchymal transition, invasion and metastasis of human hepatocellular carcinoma cells in vitro.
Am. |. Transl. Res. 2017, 9, 2956-2965.

Brockhausen, ].; Tay, S.S.; Grzelak, C.A.; Bertolino, P.; Bowen, D.G.; d’Avigdor, W.M.; Teoh, N.; Pok, S.;
Shackel, N.; Gamble, J.R.; et al. miR-181a mediates TGF-beta-induced hepatocyte EMT and is dysregulated
in cirrhosis and hepatocellular cancer. Liver Int. 2015, 35, 240-253. [CrossRef]

Chen, WX,; Zhang, Z.G.; Ding, 2.Y.; Liang, HE; Song, J.; Tan, X.L; Wu, ].J.; Li, GZ; Zeng, Z,;
Zhang, B.X; et al. MicroRNA-630 suppresses tumor metastasis through the TGF-beta-miR-630-Slug signaling
pathway and correlates inversely with poor prognosis in hepatocellular carcinoma. Oncotarget 2016,
7,22674-22686.

Wang, N.; Wang, Q. Shen, D.; Sun, X,; Cao, X.; Wu, D. Downregulation of microRNA-122
promotes proliferation, migration, and invasion of human hepatocellular carcinoma cells by activating
epithelial-mesenchymal transition. Onco Targets Ther. 2016, 9, 2035-2047. [CrossRef]

Yan, H.; Dong, X.; Zhong, X.; Ye, ]J.; Zhou, Y.; Yang, X.; Shen, J.; Zhang, ]. Inhibitions of epithelial
to mesenchymal transition and cancer stem cells-like properties are involved in miR-148a-mediated
anti-metastasis of hepatocellular carcinoma. Mol. Carcinog. 2014, 53, 960-969. [CrossRef]

Wang, C.; Wang, X.; Su, Z; Fei, H.; Liu, X,; Pan, Q. MiR-25 promotes hepatocellular carcinoma cell growth,
migration and invasion by inhibiting RhoGDI1. Oncotarget 2015, 6, 36231-36244. [CrossRef] [PubMed]


http://dx.doi.org/10.1126/science.1064023
http://www.ncbi.nlm.nih.gov/pubmed/11498593
http://dx.doi.org/10.1007/s12032-010-9520-5
http://www.ncbi.nlm.nih.gov/pubmed/20405249
http://dx.doi.org/10.1002/path.2898
http://www.ncbi.nlm.nih.gov/pubmed/21590768
http://dx.doi.org/10.1158/1078-0432.CCR-06-0515
http://www.ncbi.nlm.nih.gov/pubmed/17121874
http://dx.doi.org/10.1038/nrc1997
http://www.ncbi.nlm.nih.gov/pubmed/17060945
http://dx.doi.org/10.1146/annurev.med.59.053006.104707
http://dx.doi.org/10.1038/cr.2009.5
http://dx.doi.org/10.1038/nrm757
http://www.ncbi.nlm.nih.gov/pubmed/11994736
http://dx.doi.org/10.1038/35000034
http://dx.doi.org/10.2147/OTT.S154416
http://www.ncbi.nlm.nih.gov/pubmed/29670368
http://dx.doi.org/10.1111/cpr.12384
http://dx.doi.org/10.1002/hep.26369
http://www.ncbi.nlm.nih.gov/pubmed/23471579
http://dx.doi.org/10.1016/j.biopha.2018.03.005
http://www.ncbi.nlm.nih.gov/pubmed/29864952
http://dx.doi.org/10.1038/bjc.2017.164
http://www.ncbi.nlm.nih.gov/pubmed/28588321
http://dx.doi.org/10.1111/liv.12517
http://dx.doi.org/10.2147/OTT.S92378
http://dx.doi.org/10.1002/mc.22064
http://dx.doi.org/10.18632/oncotarget.4740
http://www.ncbi.nlm.nih.gov/pubmed/26460549

Int. ]. Mol. Sci. 2018, 19, 3978 12 of 17

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

Wang, Y,; Sun, B.; Zhao, X.; Zhao, N.; Sun, R.; Zhu, D.; Zhang, Y.; Li, Y.; Gu, Q.; Dong, X.; et al. Twist1-related
miR-26b-5p suppresses epithelial-mesenchymal transition, migration and invasion by targeting SMAD1 in
hepatocellular carcinoma. Oncotarget 2016, 7, 24383-24401. [CrossRef]

Zhao, N.; Sun, H.; Sun, B.; Zhu, D.; Zhao, X.; Wang, Y.; Gu, Q.; Dong, X; Liu, F; Zhang, Y.; et al. miR-27a-3p
suppresses tumor metastasis and VM by down-regulating VE-cadherin expression and inhibiting EMT: An
essential role for Twist-1 in HCC. Sci. Rep. 2016, 6, 23091. [CrossRef]

Zhao, N.; Sun, B.C.; Zhao, X.L.; Wang, Y.; Sun, H.Z.; Dong, X.Y.; Meng, J.; Gu, Q. Changes in microRNAs
associated with Twist-1 and Bcl-2 overexpression identify signaling pathways. Exp. Mol. Pathol. 2015, 99,
524-532. [CrossRef] [PubMed]

He, Z.].; Li, W,; Chen, H.; Wen, ].; Gao, Y.F; Liu, Y.J. miR-1306-3p targets FBXL5 to promote metastasis of
hepatocellular carcinoma through suppressing snail degradation. Biochem. Biophys. Res. Commun. 2018, 504,
820-826. [CrossRef]

Jin, Y.; Wang, J.; Han, J.; Luo, D.; Sun, Z. MiR-122 inhibits epithelial-mesenchymal transition in hepatocellular
carcinoma by targeting Snaill and Snail2 and suppressing WNT/beta-cadherin signaling pathway.
Exp. Cell Res. 2017, 360, 210-217. [CrossRef] [PubMed]

Sun, X.; Zhao, S.; Li, H.; Chang, H.; Huang, Z.; Ding, Z.; Dong, L.; Chen, ].; Zang, Y.; Zhang, ]. MicroRNA-30b
Suppresses Epithelial-Mesenchymal Transition and Metastasis of Hepatoma Cells. |. Cell. Physiol. 2017, 232,
625-634. [CrossRef] [PubMed]

Liu, Z; Tu, K,; Liu, Q. Effects of microRNA-30a on migration, invasion and prognosis of hepatocellular
carcinoma. FEBS Lett. 2014, 588, 3089-3097. [CrossRef] [PubMed]

Xia, W,; Ma, X; Li, X;; Dong, H.; Yi, J.; Zeng, W.; Yang, Z. miR-153 inhibits epithelial-to-mesenchymal
transition in hepatocellular carcinoma by targeting Snail. Oncol. Rep. 2015, 34, 655-662. [CrossRef] [PubMed]
Lv,].; Fan, HX,; Zhao, X.P; Lv, P; Fan, ].Y.; Zhang, Y.; Liu, M.; Tang, H. Long non-coding RNA Unigene56159
promotes epithelial-mesenchymal transition by acting as a ceRNA of miR-140-5p in hepatocellular carcinoma
cells. Cancer Lett. 2016, 382, 166—175. [CrossRef]

Li, Q; Song, W.; Wang, W.; Yao, S.; Tian, C.; Cai, X.; Wang, L. Suppression of epithelial-mesenchymal
transition in hepatocellular carcinoma cells by Kruppel-like factor 4. Oncotarget 2016, 7, 29749-29760.
[PubMed]

Yu, M.; Xue, H.; Wang, Y.; Shen, Q.; Jiang, Q.; Zhang, X.; Li, K,; Jia, M.; Jia, J.; Xu, J.; et al. miR-345 inhibits
tumor metastasis and EMT by targeting IRF1-mediated mTOR/STAT3/AKT pathway in hepatocellular
carcinoma. Int. J. Oncol. 2017, 50, 975-983. [CrossRef] [PubMed]

Fang, ].H.; Zhang, Z.].; Shang, L.R,; Luo, YYW,; Lin, Y.E; Yuan, Y.; Zhuang, S.M. Hepatoma cell-secreted
exosomal microRNA-103 increases vascular permeability and promotes metastasis by targeting junction
proteins. Hepatology 2018, 68, 1459-1475. [CrossRef] [PubMed]

Fang, T.; Lv, H,; Lv, G; Li, T.; Wang, C.; Han, Q.; Yu, L.; Su, B.; Guo, L.; Huang, S.; et al. Tumor-derived
exosomal miR-1247-3p induces cancer-associated fibroblast activation to foster lung metastasis of liver cancer.
Nat. Commun. 2018, 9, 191. [CrossRef] [PubMed]

Zhang, Z.; Li, X,; Sun, W.; Yue, S.; Yang, J.; Li, J.; Ma, B.; Wang, J.; Yang, X.; Pu, M.; et al. Loss of exosomal
miR-320a from cancer-associated fibroblasts contributes to HCC proliferation and metastasis. Cancer Lett.
2017, 397, 33-42. [CrossRef] [PubMed]

Zhang, Q.; Bai, X.; Chen, W.; Ma, T.; Hu, Q.; Liang, C; Xie, S.; Chen, C.; Hu, L.; Xu, S.; et al. Wnt/beta-catenin
signaling enhances hypoxia-induced epithelial-mesenchymal transition in hepatocellular carcinoma via
crosstalk with hif-1alpha signaling. Carcinogenesis 2013, 34, 962-973. [CrossRef]

Brabletz, T.; Jung, A.; Dag, S.; Hlubek, E.; Kirchner, T. beta-catenin regulates the expression of the matrix
metalloproteinase-7 in human colorectal cancer. Am. J. Pathol. 1999, 155, 1033-1038. [CrossRef]

Dave, N.; Guaita-Esteruelas, S.; Gutarra, S.; Frias, A.; Beltran, M.; Peiro, S.; de Herreros, A.G. Functional
cooperation between Snaill and twist in the regulation of ZEB1 expression during epithelial to mesenchymal
transition. J. Biol. Chem. 2011, 286, 12024-12032. [CrossRef]

van Niel, G.; Porto-Carreiro, I.; Simoes, S.; Raposo, G. Exosomes: A common pathway for a specialized
function. . Biochem. 2006, 140, 13-21. [CrossRef]

Singal, R.; Ginder, G.D. DNA Methylation. Blood 1999, 93, 4059-4070.

Kulis, M.; Esteller, M. 2—DNA Methylation and Cancer. In Advances in Genetics; Herceg, Z., Ushijima, T., Eds.;
Academic Press: Cambridge, MA, USA, 2010; Volume 70, pp. 27-56.


http://dx.doi.org/10.18632/oncotarget.8328
http://dx.doi.org/10.1038/srep23091
http://dx.doi.org/10.1016/j.yexmp.2015.08.018
http://www.ncbi.nlm.nih.gov/pubmed/26341138
http://dx.doi.org/10.1016/j.bbrc.2018.09.059
http://dx.doi.org/10.1016/j.yexcr.2017.09.010
http://www.ncbi.nlm.nih.gov/pubmed/28890291
http://dx.doi.org/10.1002/jcp.25466
http://www.ncbi.nlm.nih.gov/pubmed/27333771
http://dx.doi.org/10.1016/j.febslet.2014.06.037
http://www.ncbi.nlm.nih.gov/pubmed/24954667
http://dx.doi.org/10.3892/or.2015.4008
http://www.ncbi.nlm.nih.gov/pubmed/26035427
http://dx.doi.org/10.1016/j.canlet.2016.08.029
http://www.ncbi.nlm.nih.gov/pubmed/27102441
http://dx.doi.org/10.3892/ijo.2017.3852
http://www.ncbi.nlm.nih.gov/pubmed/28098858
http://dx.doi.org/10.1002/hep.29920
http://www.ncbi.nlm.nih.gov/pubmed/29637568
http://dx.doi.org/10.1038/s41467-017-02583-0
http://www.ncbi.nlm.nih.gov/pubmed/29335551
http://dx.doi.org/10.1016/j.canlet.2017.03.004
http://www.ncbi.nlm.nih.gov/pubmed/28288874
http://dx.doi.org/10.1093/carcin/bgt027
http://dx.doi.org/10.1016/S0002-9440(10)65204-2
http://dx.doi.org/10.1074/jbc.M110.168625
http://dx.doi.org/10.1093/jb/mvj128

Int. ]. Mol. Sci. 2018, 19, 3978 13 of 17

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Robertson, K.D. DNA methylation, methyltransferases, and cancer. Oncogene 2001, 20, 3139. [CrossRef]
Saito, Y.; Kanai, Y.; Sakamoto, M.; Saito, H.; Ishii, H.; Hirohashi, S. Expression of mRNA for DNA
methyltransferases and methyl-CpG-binding proteins and DNA methylation status on CpG islands
and pericentromeric satellite regions during human hepatocarcinogenesis. Hepatology 2001, 33, 561-568.
[CrossRef] [PubMed]

Dong, Y.; Wang, A. Aberrant DNA methylation in hepatocellular carcinoma tumor suppression (Review).
Oncol. Lett. 2014, 8, 963-968. [CrossRef] [PubMed]

Wahid, B.; Ali, A.; Rafique, S.; Idrees, M. New Insights into the Epigenetics of Hepatocellular Carcinoma.
BioMed Res. Int. 2017, 2017, 16. [CrossRef] [PubMed]

Gao, X.; Sheng, Y.; Yang, J.; Wang, C.; Zhang, R.; Zhu, Y.; Zhang, Z.; Zhang, K; Yan, S.; Sun, H.; et al.
Osteopontin alters DNA methylation through up-regulating DNMT1 and sensitizes CD133+/CD44+ cancer
stem cells to 5 azacytidine in hepatocellular carcinoma. J. Exp. Clin. Cancer Res. 2018, 37, 179. [CrossRef]
[PubMed]

Xie, C.R,; Sun, H.; Wang, F.Q.; Li, Z.; Yin, Y.R; Fang, Q.L.; Sun, Y.; Zhao, W.X,; Zhang, S.; Zhao, W.X,; et al.
Integrated analysis of gene expression and DNA methylation changes induced by hepatocyte growth factor
in human hepatocytes. Mol. Med. Rep. 2015, 12, 4250-4258. [CrossRef] [PubMed]

Lim, S.O.; Gu, ] M,; Kim, M.S,; Kim, H.S.; Park, Y.N.; Park, C.K.; Cho, ].W.; Park, YM.; Jung, G. Epigenetic
changes induced by reactive oxygen species in hepatocellular carcinoma: Methylation of the E-cadherin
promoter. Gastroenterology 2008, 135, 2128-2140. [CrossRef] [PubMed]

Oh, BK,; Kim, H.; Park, H.J.; Shim, Y.H.; Choi, J.; Park, C.; Park, YN. DNA methyltransferase expression
and DNA methylation in human hepatocellular carcinoma and their clinicopathological correlation. Int. |.
Mol. Med. 2007, 20, 65-73. [CrossRef] [PubMed]

Lee, M.H.; Na, H,; Na, T.Y,; Shin, YK.; Seong, ] K.; Lee, M.O. Epigenetic control of metastasis-associated
protein 1 gene expression by hepatitis B virus X protein during hepatocarcinogenesis. Oncogenesis 2012, 1,
e25. [CrossRef] [PubMed]

Fan, H; Chen, L.; Zhang, F; Quan, Y,; Su, X,; Qiu, X.; Zhao, Z.; Kong, K.L.; Dong, S.; Song, Y.; et al. MTSS1, a
novel target of DNA methyltransferase 3B, functions as a tumor suppressor in hepatocellular carcinoma.
Oncogene 2011, 31, 2298. [CrossRef] [PubMed]

Fang, S.; Huang, S.F; Cao, J.; Wen, Y.A.; Zhang, L.P; Ren, G.S. Silencing of PCDH10 in hepatocellular
carcinoma via de novo DNA methylation independent of HBV infection or HBX expression. Clin. Exp. Med.
2013, 13, 127-134. [CrossRef] [PubMed]

Kong, LM.; Liao, C.G.; Chen, L.; Yang, H.S.; Zhang, S.H.; Zhang, Z.; Bian, H.].; Xing, J.L.; Chen, Z.N.
Promoter hypomethylation up-regulates CD147 expression through increasing Sp1 binding and associates
with poor prognosis in human hepatocellular carcinoma. J. Cell. Mol. Med. 2011, 15, 1415-1428. [CrossRef]
[PubMed]

Jin, J.; You, H.; Yu, B.; Deng, Y.; Tang, N.; Yao, G.; Shu, H.; Yang, S.; Qin, W. Epigenetic inactivation of SLIT2
in human hepatocellular carcinomas. Biochem. Biophys. Res. Commun. 2009, 379, 86-91. [CrossRef] [PubMed]
Goyal, L.; Muzumdar, M.D.; Zhu, A.X. Targeting the HGF/c-MET pathway in hepatocellular carcinoma.
Clin. Cancer Res. Off. ]. Am. Assoc. Cancer Res. 2013, 19, 2310-2318. [CrossRef] [PubMed]

Ogunwobi, O.0.; Puszyk, W.; Dong, H.-].; Liu, C. Epigenetic Upregulation of HGF and c-Met Drives
Metastasis in Hepatocellular Carcinoma. PLoS ONE 2013, 8, e63765. [CrossRef]

Wu, W.S. The signaling mechanism of ROS in tumor progression. Cancer Metastasis Rev. 2006, 25, 695-705.
[CrossRef]

Hamatsu, T.; Rikimaru, T.; Yamashita, Y.; Aishima, S.; Tanaka, S.; Shirabe, K.; Shimada, M.; Toh, Y.;
Sugimachi, K. The role of MTA1 gene expression in human hepatocellular carcinoma. Oncol. Rep. 2003,
10, 599-604.

Sen, N.; Gui, B.; Kumar, R. Role of MTA1 in cancer progression and metastasis. Cancer Metastasis Rev. 2014,
33, 879-889. [CrossRef]

Ying, J.; Li, H.; Seng, TJ.; Langford, C.; Srivastava, G.; Tsao, SW.; Putti, T.; Murray, P; Chan, A.T;
Tao, Q. Functional epigenetics identifies a protocadherin PCDHI10 as a candidate tumor suppressor for
nasopharyngeal, esophageal and multiple other carcinomas with frequent methylation. Oncogene 2006, 25,
1070-1080. [CrossRef]


http://dx.doi.org/10.1038/sj.onc.1204341
http://dx.doi.org/10.1053/jhep.2001.22507
http://www.ncbi.nlm.nih.gov/pubmed/11230735
http://dx.doi.org/10.3892/ol.2014.2301
http://www.ncbi.nlm.nih.gov/pubmed/25120642
http://dx.doi.org/10.1155/2017/1609575
http://www.ncbi.nlm.nih.gov/pubmed/28401148
http://dx.doi.org/10.1186/s13046-018-0832-1
http://www.ncbi.nlm.nih.gov/pubmed/30064482
http://dx.doi.org/10.3892/mmr.2015.3974
http://www.ncbi.nlm.nih.gov/pubmed/26099202
http://dx.doi.org/10.1053/j.gastro.2008.07.027
http://www.ncbi.nlm.nih.gov/pubmed/18801366
http://dx.doi.org/10.3892/ijmm.20.1.65
http://www.ncbi.nlm.nih.gov/pubmed/17549390
http://dx.doi.org/10.1038/oncsis.2012.26
http://www.ncbi.nlm.nih.gov/pubmed/23552838
http://dx.doi.org/10.1038/onc.2011.411
http://www.ncbi.nlm.nih.gov/pubmed/21909138
http://dx.doi.org/10.1007/s10238-012-0182-9
http://www.ncbi.nlm.nih.gov/pubmed/22543497
http://dx.doi.org/10.1111/j.1582-4934.2010.01124.x
http://www.ncbi.nlm.nih.gov/pubmed/20629990
http://dx.doi.org/10.1016/j.bbrc.2008.12.022
http://www.ncbi.nlm.nih.gov/pubmed/19100240
http://dx.doi.org/10.1158/1078-0432.CCR-12-2791
http://www.ncbi.nlm.nih.gov/pubmed/23388504
http://dx.doi.org/10.1371/journal.pone.0063765
http://dx.doi.org/10.1007/s10555-006-9037-8
http://dx.doi.org/10.1007/s10555-014-9515-3
http://dx.doi.org/10.1038/sj.onc.1209154

Int. ]. Mol. Sci. 2018, 19, 3978 14 of 17

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Xu, J.; Xu, HY.; Zhang, Q.; Song, F,; Jiang, J.L.; Yang, X.M.; Mi, L.; Wen, N.; Tian, R.; Wang, L.; et al.
HAD18G/CD147 functions in invasion and metastasis of hepatocellular carcinoma. Mol. Cancer Res. 2007, 5,
605-614. [CrossRef]

Dallol, A.; Da Silva, N.E,; Viacava, P.; Minna, ].D.; Bieche, I.; Maher, E.R.; Latif, F. SLIT2, a human homologue
of the Drosophila Slit2 gene, has tumor suppressor activity and is frequently inactivated in lung and breast
cancers. Cancer Res. 2002, 62, 5874-5880. [PubMed]

Alvarez, C.; Tapia, T.; Cornejo, V.; Fernandez, W.; Munoz, A.; Camus, M.; Alvarez, M.; Devoto, L.; Carvallo, P.
Silencing of tumor suppressor genes RASSF1A, SLIT2, and WIF1 by promoter hypermethylation in hereditary
breast cancer. Mol. Carcinog. 2013, 52, 475-487. [CrossRef] [PubMed]

Qiu, H.; Zhu, J.; Yu, J.; Pu, H,; Dong, R. SLIT2 is epigenetically silenced in ovarian cancers and suppresses
growth when activated. Asian Pac. |. Cancer Prev. 2011, 12, 791-795. [PubMed]

Kurdistani, S.K. Histone modifications as markers of cancer prognosis: A cellular view. Br. J. Cancer 2007, 97,
1-5. [CrossRef] [PubMed]

Fullgrabe, J.; Kavanagh, E.; Joseph, B. Histone onco-modifications. Oncogene 2011, 30, 3391-3403. [CrossRef]
Arrowsmith, C.H.; Bountra, C.; Fish, P.V,; Lee, K.; Schapira, M. Epigenetic protein families: A new frontier
for drug discovery. Nat. Rev. Drug Discov. 2012, 11, 384-400. [CrossRef]

Jenuwein, T.; Allis, C.D. Translating the histone code. Science 2001, 293, 1074-1080. [CrossRef]

Xie, C.R,; Li, Z.; Sun, H.G.; Wang, EQ.; Sun, Y.; Zhao, W.X,; Zhang, S.; Zhao, W.X.; Wang, X.M.; Yin, Z.Y.
Mutual regulation between CHD5 and EZH2 in hepatocellular carcinoma. Oncotarget 2015, 6, 40940-40952.
[CrossRef]

Au, S.L.; Wong, C.C.; Lee, ] M.; Wong, C.M.; Ng, 1.O. EZH2-Mediated H3K27me3 Is Involved in Epigenetic
Repression of Deleted in Liver Cancer 1 in Human Cancers. PLoS ONE 2013, 8, e68226. [CrossRef]

Wang, ].; Huang, F.; Huang, J.; Kong, ].; Liu, S.; Jin, J. Epigenetic analysis of FHL1 tumor suppressor gene in
human liver cancer. Oncol. Lett. 2017, 14, 6109-6116. [CrossRef]

Chen, S.; Pu, J.; Bai, J.; Yin, Y.; Wu, K.; Wang, ].; Shuai, X.; Gao, J.; Tao, K.; Wang, G.; et al. EZH2 promotes
hepatocellular carcinoma progression through modulating miR-22/galectin-9 axis. J. Exp. Clin. Cancer Res.
2018, 37, 3. [CrossRef] [PubMed]

Yang, F.; Lv, L.Z,; Cai, Q.C.; Jiang, Y. Potential roles of EZH2, Bmi-1 and miR-203 in cell proliferation and
invasion in hepatocellular carcinoma cell line Hep3B. World . Gastroenterol. 2015, 21, 13268-13276. [CrossRef]
[PubMed]

Zhang, Y.; Huang, J.; Li, Q.; Chen, K,; Liang, Y.; Zhan, Z.; Ye, F.; Ni, W.; Chen, L.; Ding, Y. Histone
methyltransferase SETDB1 promotes cells proliferation and migration by interacting withTiam1 in
hepatocellular carcinoma. BMC Cancer 2018, 18, 539. [CrossRef] [PubMed]

Wong, CM.; Wei, L.; Law, C.T.; Ho, D.W,; Tsang, EH.; Au, S.L.; Sze, KM.; Lee, ] M.; Wong, C.C.; Ng, LO.
Up-regulation of histone methyltransferase SETDB1 by multiple mechanisms in hepatocellular carcinoma
promotes cancer metastasis. Hepatology 2016, 63, 474-487. [CrossRef] [PubMed]

Wei, L.; Chiu, D.K;; Tsang, FH.; Law, C.T.; Cheng, C.L.; Au, S.L.; Lee, ] M.; Wong, C.C.; Ng, 1.O.; Wong, C.M.
Histone methyltransferase G9a promotes liver cancer development by epigenetic silencing of tumor
suppressor gene RARRES3. J. Hepatol. 2017, 67, 758-769. [CrossRef] [PubMed]

Fan, D.N.; Tsang, FH.; Tam, A.H.; Au, S.L.; Wong, C.C.; Wei, L,; Lee, ] M.; He, X.; Ng, L.O.; Wong, C.M. Histone
lysine methyltransferase, suppressor of variegation 3-9 homolog 1, promotes hepatocellular carcinoma
progression and is negatively regulated by microRNA-125b. Hepatology 2013, 57, 637-647.

Ji, X,; Jin, S.; Qu, X.; Li, K.; Wang, H.; He, H.; Guo, F; Dong, L. Lysine-specific demethylase 5C promotes
hepatocellular carcinoma cell invasion through inhibition BMP7 expression. BMC Cancer 2015, 15, 801.
[CrossRef]

Tang, B.; Qi, G.; Tang, F; Yuan, S.; Wang, Z; Liang, X,; Li, B.; Yu, S;; Liu, J.; Huang, Q.; et al. JARID1B
promotes metastasis and epithelial-mesenchymal transition via PTEN/AKT signaling in hepatocellular
carcinoma cells. Oncotarget 2015, 6, 12723-12739. [CrossRef]

Chen, Z.; Wang, X; Liu, R.; Chen, L.; Yi, J.; Qi, B.; Shuang, Z.; Liu, M; Li, X; Li, S.; et al. KDM4B-mediated
epigenetic silencing of miRNA-615-5p augments RAB24 to facilitate malignancy of hepatoma cells. Oncotarget
2017, 8, 17712-17725. [CrossRef]


http://dx.doi.org/10.1158/1541-7786.MCR-06-0286
http://www.ncbi.nlm.nih.gov/pubmed/12384551
http://dx.doi.org/10.1002/mc.21881
http://www.ncbi.nlm.nih.gov/pubmed/22315090
http://www.ncbi.nlm.nih.gov/pubmed/21627385
http://dx.doi.org/10.1038/sj.bjc.6603844
http://www.ncbi.nlm.nih.gov/pubmed/17592497
http://dx.doi.org/10.1038/onc.2011.121
http://dx.doi.org/10.1038/nrd3674
http://dx.doi.org/10.1126/science.1063127
http://dx.doi.org/10.18632/oncotarget.5724
http://dx.doi.org/10.1371/journal.pone.0068226
http://dx.doi.org/10.3892/ol.2017.6950
http://dx.doi.org/10.1186/s13046-017-0670-6
http://www.ncbi.nlm.nih.gov/pubmed/29316949
http://dx.doi.org/10.3748/wjg.v21.i47.13268
http://www.ncbi.nlm.nih.gov/pubmed/26715809
http://dx.doi.org/10.1186/s12885-018-4464-9
http://www.ncbi.nlm.nih.gov/pubmed/29739365
http://dx.doi.org/10.1002/hep.28304
http://www.ncbi.nlm.nih.gov/pubmed/26481868
http://dx.doi.org/10.1016/j.jhep.2017.05.015
http://www.ncbi.nlm.nih.gov/pubmed/28532996
http://dx.doi.org/10.1186/s12885-015-1798-4
http://dx.doi.org/10.18632/oncotarget.3713
http://dx.doi.org/10.18632/oncotarget.10832

Int. ]. Mol. Sci. 2018, 19, 3978 15 of 17

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Zhang, P.P,; Wang, X.L.; Zhao, W.; Qi, B.; Yang, Q.; Wan, H.Y.; Shuang, Z.Y.; Liu, M.; Li, X.; Li, S.; et al. DNA
methylation-mediated repression of miR-941 enhances lysine (K)-specific demethylase 6B expression in
hepatoma cells. |. Biol. Chem. 2014, 289, 24724-24735. [CrossRef]

Lu, H; Li, G.; Zhou, C,; Jin, W,; Qian, X.; Wang, Z.; Pan, H.; Jin, H.; Wang, X. Regulation and role of
post-translational modifications of enhancer of zeste homologue 2 in cancer development. Am. J. Cancer Res.
2016, 6, 2737-2754. [PubMed]

Sudo, T.; Utsunomiya, T.; Mimori, K.; Nagahara, H.; Ogawa, K.; Inoue, H.; Wakiyama, S.; Fujita, H.;
Shirouzu, K.; Mori, M. Clinicopathological significance of EZH2 mRNA expression in patients with
hepatocellular carcinoma. Br. J. Cancer 2005, 92, 1754-1758. [CrossRef] [PubMed]

Kolla, V.; Zhuang, T.; Higashi, M.; Naraparaju, K.; Brodeur, G.M. Role of CHD5 in human cancers: 10 years
later. Cancer Res. 2014, 74, 652-658. [CrossRef] [PubMed]

Huang, B.; Huang, M.; Li, Q. MiR-137 suppresses migration and invasion by targeting EZH2-STAT3 signaling
in human hepatocellular carcinoma. Pathol. Res. Pract. 2018, 214, 1980-1986. [CrossRef] [PubMed]

Au, S.L.; Wong, C.C.; Lee, ].M,; Fan, D.N,; Tsang, EH.; Ng, .O.; Wong, C.M. Enhancer of zeste homolog 2
epigenetically silences multiple tumor suppressor microRNAs to promote liver cancer metastasis. Hepatology
2012, 56, 622-631. [CrossRef] [PubMed]

Zhang, X.; Zhang, X.; Wang, T.; Wang, L.; Tan, Z.; Wei, W.; Yan, B.; Zhao, J.; Wu, K.; Yang, A.; et al.
MicroRNA-26a is a key regulon that inhibits progression and metastasis of c-Myc/EZH2 double high
advanced hepatocellular carcinoma. Cancer Lett. 2018, 426, 98-108. [CrossRef]

Karanth, A.V,; Maniswami, R.R.; Prashanth, S.; Govindaraj, H.; Padmavathy, R.; Jegatheesan, S.K,;
Mullangi, R.; Rajagopal, S. Emerging role of SETDBI as a therapeutic target. Expert Opin. Ther. Targets 2017,
21, 319-331. [CrossRef]

Kim, K.; Son, M.Y;; Jung, C.R.; Kim, D.S.; Cho, H.S. EHMT2 is a metastasis regulator in breast cancer.
Biochem. Biophys. Res. Commun. 2018, 496, 758-762. [CrossRef]

Kim, S.K,; Kim, K;; Ryu, ]W,; Ryu, T.Y; Lim, ].H.; Oh, ].H.; Min, ].K,; Jung, C.R.; Hamamoto, R.; Son, M.Y;
et al. The novel prognostic marker, EHMT2, is involved in cell proliferation via HSPD1 regulation in breast
cancer. Int. J. Oncol. 2018, 54, 65-76. [CrossRef]

Rao, VK.; Pal, A.; Taneja, R. A drive in SUVs: From development to disease. Epigenetics 2017, 12, 177-186.
[CrossRef]

Feng, B, Zhu, Y; Su, Z; Tang, L., Sun, C.; Li, C; Zheng, G. Basil polysaccharide attenuates
hepatocellular carcinoma metastasis in rat by suppressing H3K9me2 histone methylation under hepatic
artery ligation-induced hypoxia. Int. J. Biol. Macromol. 2018, 107 Pt B, 2171-2179. [CrossRef]

Harmeyer, K.M.; Facompre, N.D.; Herlyn, M.; Basu, D. JARID1 Histone Demethylases: Emerging Targets in
Cancer. Trends Cancer 2017, 3, 713-725. [CrossRef] [PubMed]

Guo, X.; Zhang, Q. The Emerging Role of Histone Demethylases in Renal Cell Carcinoma. ]. Kidney
Cancer VHL 2017, 4, 1-5. [CrossRef] [PubMed]

Jiang, X.B.; Ke, C.; Zhang, G.H.; Zhang, X.H.; Sai, K.; Chen, Z.P; Mou, Y.G. Brain metastases from
hepatocellular carcinoma: Clinical features and prognostic factors. BMC Cancer 2012, 12, 49. [CrossRef]
[PubMed]

Katyal, S.; Oliver, J.H., 3rd; Peterson, M.S.; Ferris, J.V.; Carr, B.S.; Baron, R.L. Extrahepatic metastases of
hepatocellular carcinoma. Radiology 2000, 216, 698-703. [CrossRef] [PubMed]

Lee, Y.T.; Geer, D.A. Primary liver cancer: Pattern of metastasis. J. Surg. Oncol. 1987, 36, 26-31. [CrossRef]
[PubMed]

Andreana, L.; Burroughs, A.K. Treatment of early hepatocellular carcinoma: How to predict and prevent
recurrence. Dig. Liver Dis. 2010, 42 (Suppl. 3), S249-5257. [CrossRef]

Natsuizaka, M.; Omura, T.; Akaike, T.; Kuwata, Y.; Yamazaki, K.; Sato, T.; Karino, Y.; Toyota, J.; Suga, T.;
Asaka, M. Clinical features of hepatocellular carcinoma with extrahepatic metastases. J. Gastroenterol. Hepatol.
2005, 20, 1781-1787. [CrossRef]

Hong, S.S.; Kim, TK.; Sung, K.B.; Kim, PN.; Ha, HK,; Kim, A.Y,; Lee, M.G. Extrahepatic spread of
hepatocellular carcinoma: A pictorial review. Eur. Radiol. 2003, 13, 874-882. [PubMed]

Brabletz, T.; Jung, A.; Reu, S.; Porzner, M.; Hlubek, F.; Kunz-Schughart, L.A.; Knuechel, R.; Kirchner, T.
Variable beta-catenin expression in colorectal cancers indicates tumor progression driven by the tumor
environment. Proc. Natl. Acad. Sci. USA 2001, 98, 10356-10361. [CrossRef]


http://dx.doi.org/10.1074/jbc.M114.567818
http://www.ncbi.nlm.nih.gov/pubmed/28042497
http://dx.doi.org/10.1038/sj.bjc.6602531
http://www.ncbi.nlm.nih.gov/pubmed/15856046
http://dx.doi.org/10.1158/0008-5472.CAN-13-3056
http://www.ncbi.nlm.nih.gov/pubmed/24419087
http://dx.doi.org/10.1016/j.prp.2018.08.005
http://www.ncbi.nlm.nih.gov/pubmed/30274685
http://dx.doi.org/10.1002/hep.25679
http://www.ncbi.nlm.nih.gov/pubmed/22370893
http://dx.doi.org/10.1016/j.canlet.2018.04.005
http://dx.doi.org/10.1080/14728222.2017.1279604
http://dx.doi.org/10.1016/j.bbrc.2018.01.074
http://dx.doi.org/10.3892/ijo.2018.4608
http://dx.doi.org/10.1080/15592294.2017.1281502
http://dx.doi.org/10.1016/j.ijbiomac.2017.10.088
http://dx.doi.org/10.1016/j.trecan.2017.08.004
http://www.ncbi.nlm.nih.gov/pubmed/28958389
http://dx.doi.org/10.15586/jkcvhl.2017.56
http://www.ncbi.nlm.nih.gov/pubmed/28725537
http://dx.doi.org/10.1186/1471-2407-12-49
http://www.ncbi.nlm.nih.gov/pubmed/22292912
http://dx.doi.org/10.1148/radiology.216.3.r00se24698
http://www.ncbi.nlm.nih.gov/pubmed/10966697
http://dx.doi.org/10.1002/jso.2930360107
http://www.ncbi.nlm.nih.gov/pubmed/3041113
http://dx.doi.org/10.1016/S1590-8658(10)60513-0
http://dx.doi.org/10.1111/j.1440-1746.2005.03919.x
http://www.ncbi.nlm.nih.gov/pubmed/12664129
http://dx.doi.org/10.1073/pnas.171610498

Int. ]. Mol. Sci. 2018, 19, 3978 16 of 17

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Hur, K. MicroRNAs: Promising biomarkers for diagnosis and therapeutic targets in human colorectal cancer
metastasis. BMB Rep. 2015, 48, 217-222. [CrossRef] [PubMed]

Hur, K.; Toiyama, Y.; Takahashi, M.; Balaguer, F.; Nagasaka, T.; Koike, J.; Hemmi, H.; Koi, M.; Boland, C.R.;
Goel, A. MicroRNA-200c modulates epithelial-to-mesenchymal transition (EMT) in human colorectal cancer
metastasis. Gut 2013, 62, 1315-1326. [CrossRef] [PubMed]

Fransvea, E.; Angelotti, U.; Antonaci, S.; Giannelli, G. Blocking transforming growth factor-beta up-regulates
E-cadherin and reduces migration and invasion of hepatocellular carcinoma cells. Hepatology 2008, 47,
1557-1566. [CrossRef] [PubMed]

Yang, M.H.; Chen, C.L.; Chau, G.Y.; Chiou, S.H.; Su, C.W.,; Chou, T.Y; Peng, W.L.; Wu, ].C. Comprehensive
analysis of the independent effect of twist and snail in promoting metastasis of hepatocellular carcinoma.
Hepatology 2009, 50, 1464-1474. [CrossRef] [PubMed]

Kim, J.; Hong, S.J.; Park, ].Y,; Park, ].H.; Yu, Y.S,; Park, S.Y.; Lim, E.K.; Choi, K.Y,; Lee, EK; Paik, S.S.; et al.
Epithelial-mesenchymal transition gene signature to predict clinical outcome of hepatocellular carcinoma.
Cancer Sci. 2010, 101, 1521-1528. [CrossRef] [PubMed]

Mima, K.; Hayashi, H.; Kuroki, H.; Nakagawa, S.; Okabe, H.; Chikamoto, A.; Watanabe, M.; Beppu, T.;
Baba, H. Epithelial-mesenchymal transition expression profiles as a prognostic factor for disease-free survival
in hepatocellular carcinoma: Clinical significance of transforming growth factor-beta signaling. Oncol. Lett.
2013, 5, 149-154. [CrossRef] [PubMed]

Caja, L.; Bertran, E.; Campbell, J.; Fausto, N.; Fabregat, I. The transforming growth factor-beta (TGF-beta)
mediates acquisition of a mesenchymal stem cell-like phenotype in human liver cells. J. Cell. Physiol. 2011,
226,1214-1223. [CrossRef] [PubMed]

Dooley, S.; Hamzavi, J.; Ciuclan, L.; Godoy, P; Ilkavets, I.; Ehnert, S.; Ueberham, E.; Gebhardt, R.; Kanzler, S.;
Geier, A.; et al. Hepatocyte-specific Smad7 expression attenuates TGF-beta-mediated fibrogenesis and
protects against liver damage. Gastroenterology 2008, 135, 642-659. [CrossRef] [PubMed]

Omenetti, A.; Porrello, A.; Jung, Y.; Yang, L.; Popov, Y.; Choi, S.S.; Witek, R.P; Alpini, G.; Venter, J.;
Vandongen, H.M.; et al. Hedgehog signaling regulates epithelial-mesenchymal transition during biliary
fibrosis in rodents and humans. |. Clin. Investig. 2008, 118, 3331-3342. [CrossRef]

Cheng, Y.; Zhang, C.; Zhao, J.; Wang, C.; Xu, Y,; Han, Z,; Jiang, G.; Guo, X,; Li, R,; Bu, X.; et al. Correlation of
CpG island methylator phenotype with poor prognosis in hepatocellular carcinoma. Exp. Mol. Pathol. 2010,
88, 112-117. [CrossRef]

Kwon, G.Y.; Yoo, B.C.; Koh, K.C.; Cho, ] W.; Park, W.S.; Park, C.K. Promoter methylation of E-cadherin
in hepatocellular carcinomas and dysplastic nodules. J. Korean Med. Sci. 2005, 20, 242-247. [CrossRef]
[PubMed]

Lee, S.; Lee, H.].; Kim, ].H.; Lee, H.S,; Jang, ].].; Kang, G.H. Aberrant CpG island hypermethylation along
multistep hepatocarcinogenesis. Am. J. Pathol. 2003, 163, 1371-1378. [CrossRef]

Ding, W.; Dang, H.; You, H.; Steinway, S.; Takahashi, Y.; Wang, H.G.; Liao, J.; Stiles, B.; Albert, R.;
Rountree, C.B. miR-200b restoration and DNA methyltransferase inhibitor block lung metastasis of
mesenchymal-phenotype hepatocellular carcinoma. Oncogenesis 2012, 1, e15. [CrossRef] [PubMed]

Song, M.A; Tiirikainen, M.; Kwee, S.; Okimoto, G.; Yu, H.; Wong, L.L. Elucidating the landscape of aberrant
DNA methylation in hepatocellular carcinoma. PLoS ONE 2013, 8, e55761. [CrossRef] [PubMed]

Lin, T.; Ponn, A.; Hu, X.; Law, B.K; Lu, ]. Requirement of the histone demethylase LSD1 in Snail-mediated
transcriptional repression during epithelial-mesenchymal transition. Omncogene 2010, 29, 4896-4904.
[CrossRef]

Zhang, M.; Dong, X.; Zhang, D.; Chen, X.; Zhu, X. High expression of Snail and NF-kappaB predicts poor
survival in Chinese hepatocellular carcinoma patients. Oncotarget 2017, 8, 4543-4548.

Bullock, M.D,; Sayan, A.E.; Packham, G.K.; Mirnezami, A.H. MicroRNAs: Critical regulators of epithelial to
mesenchymal (EMT) and mesenchymal to epithelial transition (MET) in cancer progression. Biol. Cell 2012,
104, 3-12. [CrossRef]

Budhu, A; Jia, H.L.; Forgues, M.; Liu, C.G.; Goldstein, D.; Lam, A.; Zanetti, K.A,; Ye, Q.H.; Qin, L.X;
Croce, C.M.; et al. Identification of metastasis-related microRNAs in hepatocellular carcinoma. Hepatology
2008, 47, 897-907. [CrossRef]


http://dx.doi.org/10.5483/BMBRep.2015.48.4.007
http://www.ncbi.nlm.nih.gov/pubmed/25603797
http://dx.doi.org/10.1136/gutjnl-2011-301846
http://www.ncbi.nlm.nih.gov/pubmed/22735571
http://dx.doi.org/10.1002/hep.22201
http://www.ncbi.nlm.nih.gov/pubmed/18318443
http://dx.doi.org/10.1002/hep.23221
http://www.ncbi.nlm.nih.gov/pubmed/19821482
http://dx.doi.org/10.1111/j.1349-7006.2010.01536.x
http://www.ncbi.nlm.nih.gov/pubmed/20331628
http://dx.doi.org/10.3892/ol.2012.954
http://www.ncbi.nlm.nih.gov/pubmed/23255911
http://dx.doi.org/10.1002/jcp.22439
http://www.ncbi.nlm.nih.gov/pubmed/20945437
http://dx.doi.org/10.1053/j.gastro.2008.04.038
http://www.ncbi.nlm.nih.gov/pubmed/18602923
http://dx.doi.org/10.1172/JCI35875
http://dx.doi.org/10.1016/j.yexmp.2009.10.008
http://dx.doi.org/10.3346/jkms.2005.20.2.242
http://www.ncbi.nlm.nih.gov/pubmed/15831995
http://dx.doi.org/10.1016/S0002-9440(10)63495-5
http://dx.doi.org/10.1038/oncsis.2012.15
http://www.ncbi.nlm.nih.gov/pubmed/23552699
http://dx.doi.org/10.1371/journal.pone.0055761
http://www.ncbi.nlm.nih.gov/pubmed/23437062
http://dx.doi.org/10.1038/onc.2010.234
http://dx.doi.org/10.1111/boc.201100115
http://dx.doi.org/10.1002/hep.22160

Int. ]. Mol. Sci. 2018, 19, 3978 17 of 17

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Yang, J.; Sheng, Y.Y.; Wei, ] W.; Gao, X.M.; Zhu, Y,; Jia, H.L.; Dong, Q.Z.; Qin, L.X. MicroRNA-219-5p Promotes
Tumor Growth and Metastasis of Hepatocellular Carcinoma by Regulating Cadherin 1. Biomed. Res. Int.
2018, 2018, 4793971. [CrossRef]

Chan, K.C,; Lai, P.B.; Mok, T.S.; Chan, H.L.; Ding, C.; Yeung, S.W.; Lo, Y. M. Quantitative analysis of circulating
methylated DNA as a biomarker for hepatocellular carcinoma. Clin. Chem. 2008, 54, 1528-1536. [CrossRef]
Iyer, P; Zekri, AR.; Hung, CW.; Schiefelbein, E.; Ismail, K.; Hablas, A.; Seifeldin, I.A.; Soliman, A.S.
Concordance of DNA methylation pattern in plasma and tumor DNA of Egyptian hepatocellular carcinoma
patients. Exp. Mol. Pathol. 2010, 88, 107-111. [CrossRef] [PubMed]

Lin, X.J.; Chong, Y.; Guo, Z.W.; Xie, C.; Yang, X.J.; Zhang, Q.; Li, S.P; Xiong, Y,; Yuan, Y.; Min, J.; et al.
A serum microRNA classifier for early detection of hepatocellular carcinoma: A multicentre, retrospective,
longitudinal biomarker identification study with a nested case-control study. Lancet Oncol. 2015, 16, 804-815.
[CrossRef]

Ding, Y.; Yan, ].L.; Fang, A.N.; Zhou, W.E; Huang, L. Circulating miRNAs as novel diagnostic biomarkers in
hepatocellular carcinoma detection: A meta-analysis based on 24 articles. Oncotarget 2017, 8, 66402-66413.
[CrossRef] [PubMed]

Xu, J.; Wu, C; Che, X;; Wang, L.; Yu, D.; Zhang, T.; Huang, L.; Li, H.; Tan, W.; Wang, C.; et al. Circulating
microRNAs, miR-21, miR-122, and miR-223, in patients with hepatocellular carcinoma or chronic hepatitis.
Mol. Carcinog. 2011, 50, 136-142. [CrossRef] [PubMed]

Qi, P; Cheng, 5.Q.; Wang, H.; Li, N.; Chen, Y.F; Gao, C.F. Serum microRNAs as biomarkers for hepatocellular
carcinoma in Chinese patients with chronic hepatitis B virus infection. PLoS ONE 2011, 6, e28486. [CrossRef]
[PubMed]

Xiang, Z.L.; Zhao, X.M.; Zhang, L.; Yang, P; Fan, J.; Tang, Z.Y.; Zeng, Z.C. MicroRNA-34a expression levels
in serum and intratumoral tissue can predict bone metastasis in patients with hepatocellular carcinoma.
Oncotarget 2016, 7, 87246-87256. [CrossRef] [PubMed]

Lee, YR,; Kim, G.; Tak, WYY,; Jang, S.Y.; Kweon, Y.O.; Park, ].G.; Lee, HW,; Han, Y.S.; Chun, ].M,;
Park, S.Y,; et al. Circulating exosomal non-coding RNAs as prognostic biomarkers in human hepatocellular
carcinoma. Int. J. Cancer 2018. [CrossRef] [PubMed]

Sohn, W.; Kim, J.; Kang, S.H.; Yang, S.R.; Cho, ].Y,; Cho, H.C.; Shim, S.G.; Paik, Y.H. Serum exosomal
microRNAs as novel biomarkers for hepatocellular carcinoma. Exp. Mol. Med. 2015, 47, e184. [CrossRef]
[PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1155/2018/4793971
http://dx.doi.org/10.1373/clinchem.2008.104653
http://dx.doi.org/10.1016/j.yexmp.2009.09.012
http://www.ncbi.nlm.nih.gov/pubmed/19818350
http://dx.doi.org/10.1016/S1470-2045(15)00048-0
http://dx.doi.org/10.18632/oncotarget.18949
http://www.ncbi.nlm.nih.gov/pubmed/29029522
http://dx.doi.org/10.1002/mc.20712
http://www.ncbi.nlm.nih.gov/pubmed/21229610
http://dx.doi.org/10.1371/journal.pone.0028486
http://www.ncbi.nlm.nih.gov/pubmed/22174818
http://dx.doi.org/10.18632/oncotarget.13531
http://www.ncbi.nlm.nih.gov/pubmed/27893432
http://dx.doi.org/10.1002/ijc.31931
http://www.ncbi.nlm.nih.gov/pubmed/30338850
http://dx.doi.org/10.1038/emm.2015.68
http://www.ncbi.nlm.nih.gov/pubmed/26380927
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	MicroRNA 
	EMT-Related miRNAs 
	TGF- Signaling Pathway-Related miRNAs 
	WNT Signaling Pathway-Related miRNAs 
	Snail-, Slug-, and Twist1-Related miRNAs 

	Metastasis-Related Exosomal miRNAs 

	DNA Methylation 
	DNMT1 
	DNMT3 
	Undefined DNMTs 

	Histone Modifications 
	Histone Lysine Methyltransferase 
	Histone Lysine Demethylases 

	Clinical Application of Epigenetic Alterations as Hepatic Metastasis Biomarkers and Epigenetic Modifiers as Therapeutic Targets 
	References

