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Abstract: Hepatocellular carcinoma (HCC) is the third and the fifth leading cause of cancer related
death worldwide in men and in women, respectively. HCC generally has a poor prognosis,
with a very low 5-year overall survival, due to delayed diagnosis and treatment. Early tumour
detection and timely intervention are the best strategies to reduce morbidity and mortality in HCC
patients. Histological evaluation of liver biopsies is the gold standard for cancer diagnosis, although
it is an invasive, time-consuming and expensive procedure. Recently, the analysis of circulating
free DNA (cfDNA) and RNA molecules released by tumour cells in body fluids, such as blood
serum, saliva and urine, has attracted great interest for development of diagnostic assays based on
circulating liver cancer molecular biomarkers. Such “liquid biopsies” have shown to be useful for
the identification of specific molecular signatures in nucleic acids released by cancer cells, such as
gene mutations and altered methylation of DNA as well as variations in the levels of circulating
microRNAs (miRNAs) and long non-coding RNAs (lncRNAs). Body fluids analysis may represent
a valuable strategy to monitor liver disease progression in subjects chronically infected with hepatitis
viruses or cancer relapse in HCC treated patients. Several studies showed that qualitative and
quantitative assays evaluating molecular profiles of circulating cell-free nucleic acids could be
successfully employed for early diagnosis and therapeutic management of HCC patients. This review
describes the state of art on the use of liquid biopsy for cancer driver gene mutations, deregulated
DNA methylation as well as miRNA levels in HCC diagnosis.

Keywords: liquid biopsy; early diagnosis; circulating free DNA; microRNA; hepatocellular
carcinoma; hepatitis B virus; hepatitis C virus; long non coding RNA

1. Introduction

Primary liver cancer represents the sixth most common and deadly tumour in the world with
782,000 new cases and 746,000 deaths in 2012 [1]. Hepatocellular carcinoma (HCC) is the major
histological subtype accounting for 85% of all liver cancer cases worldwide [2–4]. The major risk
factors for the development of HCC are hepatitis B (HBV) and hepatitis C (HCV) chronic infections
which have been found to be associated with 56% and 20% of cases, respectively [5]. HBV-related HCC
is more frequent (67%) than HCV-related HCC (12%) in less developed countries, while HBV-related
HCC is less frequent (23%) than HCV-related tumours (44%) in more developed countries [5]. The HBV
and HCV viral proteins along with biological and environmental co-factors promote chronic insult to
hepatocytes, accumulation of genetic damages and epigenetic deregulation, which cause over the time,
the hepatic damage, cirrhosis, fibrosis and cancer [6].
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The diagnosis of liver cancer is generally performed by imaging techniques, such as
ultrasonography, computed tomography and magnetic resonance tomography, in combination with
the dosage of plasmatic alpha-fetoprotein (AFP) and histological analysis of tissue biopsies [7].
The diagnostic imaging methods have the advantage of not being invasive and the disadvantage
of insufficient sensitivity for detection of HCC nodules smaller than one cm [8]. The measurement of
AFP in the blood, which is one of the most widely used screening tests to diagnose HCC, has a limited
sensitivity and specificity given that some liver nodules may not release AFP, and patients with chronic
active hepatitis or liver cirrhosis may have high levels of AFP [9]. To date, liver tissue biopsy is
considered the gold standard for HCC diagnosis but has drawbacks of invasiveness, is effective when
the nodule has reached considerable dimensions and carries the risk of neoplastic cells diffusion [10].

The treatment options for HCC include surgical resection, transarterial chemoembolization,
radiofrequency ablation, high-intensity focused ultrasound, targeted molecular therapy such as
sorafenib and more rarely liver transplantation. The success of these treatments could be seriously
improved by early cancer detection and effective post-treatment monitoring [11].

Recent studies have shown that specific biomarkers of cancer cells are detectable in the body
fluids such as blood serum, urine and saliva, which for this reason have been termed “liquid
biopsies”. The blood serum contains detectable amounts of circulating free DNA (cfDNA) ranging
from 1 to 500 ng/mL, showing the mutational spectrum of the tumour cell DNA [11]. In addition,
cfDNA fragments have the same methylation profile as the original tumour DNA, suggesting the
possibility of analyzing the cfDNA methylation status for monitoring tumour growth. Many tumour
cells, including liver cancer cells, release specific microRNAs (miRNAs) and long non-coding
RNAs (lncRNAs) in the bloodstream, either as free molecules or entrapped in vesicles such as
exosomes [12–14]. Such molecules may represent important biomarkers of tumour development.

We performed a systematic review of published studies to investigate the state of art on the
employment of screening tests based on circulating liver biomarkers for diagnosis and prognosis of
HCC associated with different aetiologies (Table 1).

Published data were searched in Medline using the terms (“hepatocellular” OR “Liver” AND
“Cancer”) AND (“liquid biopsy” OR “blood” OR “plasma” OR “serum” OR “urine”) AND (“circulating
free DNA”) AND (“microRNA OR miRNA”) AND (“DNA mutations”) AND (“DNA methylation”)
AND (“microsatellite instability”) AND (“microRNA” OR “miRNA”) AND (“long non coding
RNA” OR “lncRNA”) AND (“extracellular vesicles” OR “exosomes”). The search was updated on
28 January 2018.

2. Circulating Free DNA

Circulating free DNA was first described by Mandel and Metais in 1948 [15]. Thirty years later,
Leon et al. observed that the amount of cfDNA was higher in cancer patients compared to healthy
controls and that its concentration in the serum further increased after radiation therapy [16–18].
Nowadays, it is recognized that cfDNA originates mainly from the activity of macrophages or other
scavenger cells which engulf apoptotic and necrotic tumour cells and release digested tumour DNA
into the blood stream [19,20]. Because the length of digested DNA molecules is around 160 bp,
the recovery and analysis of cfDNA requires highly sensitive techniques [21].

Qualitative and quantitative analysis of cfDNA as a diagnostic and prognostic parameter in cancer
patients has been studied by many groups. Piciocchi et al. observed higher levels of cfDNA among
patients affected by HCC, cirrhosis and HCV-related chronic hepatitis compared to healthy subjects,
and the increase was directly correlated to the disease status and reduced patients’ survival [22].
Other studies, however, reported wide inter-subject variations in cfDNA levels, showing sometimes
overlapping values between malignant and benign diseases or healthy controls. In addition, patients
affected by some non-oncologic pathologies such as autoimmune diseases are also characterized by
increased levels of cfDNA in the peripheral blood, making this parameter not specific for cancer
diagnosis [23,24].
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Table 1. Summary of published articles retrieved from Pubmed on the role of somatic mutations and
methylation in non-invasive diagnosis in liver cancer.

DNA Alterations Gene
Tissue

Biopsies
N Cases (%)

CfDNA
N Cases (%) Method 2 Ref.

Single nucleotide mutations CTNNB1 0 6/48 (12.5) ddPCR [25]
CTNNB1 11/41 (26.8) 4/41 (9.7) MiSeq [26]

TERT promoter 5/41 (12.2) 11/48 (22.9) ddPCR [25]
TERT promoter 29/41 (70.7) 2/41 (4.9) MiSeq [26]

TP53 1/41 (2.4) 7/48 (14.6) ddPCR [25]
TP53 27/41 (65.8) 2/41 (4.9) MiSeq [26]

Hypermethylation APC NA 1 49/72 (68.1) MSRE-qPCR [27]
APC NA 36/98 (36.7) Methylight [17]
BVES NA 29/98 (29.6) Methylight [17]
ELF 22/34 (64.7) 18/31 (58.1) MSP [28]

GSTP1 NA 40/72 (55.6) MSRE-qPCR [27]
GSTP1 23/34 (67.6) 12/31 (38.7) MSP [28]
GSTP1 23/26 (88.5) 16/32 (50.0) MSP [29]
GSTP1 NA 17/98 (17.3) Methylight [17]

HOXA9 NA 20/98 (20.4) Methylight [17]
P16 16/22 (72.7) 13/22 (59.1) MSP [30]
P16 25/34 (73.5) 13/31 (41.9) MSP [28]

RASSF1A 5/5 (100) 59/63 (93.6) MSRE, RT-PCR [31]
RASSF1A NA 51/98 (52.0) Methylight [17]
RASSF1A NA 47/72 (65.3) MSRE-qPCR [27]
RASSF1A 32/34 (94.1) 16/31 (51.6) MSP [28]
RASSF1A NA 77/105 (73.3) MSP [32]
RASSF1A 37/40 (92.5) 17/40 (42.5) MSP [33]

SFRP1 NA 40/72 (55.6) MSRE-qPCR [27]
SOCS3 23/48 (47.9) 34/119 (28.6) MSP [34]
TGR5 NA 77/160 (48.1) MSP [35]
TIMP3 NA 11/98 (11.2) Methylight [17]

Hypomethylation LINE-1 NA 70/105 (66.7) MSP [32]
1 NA, information not available in the article; 2 ddPCR = digital droplet PCR; MiSeq = next generation sequencing
method; MSRE = methylation sensitive restriction enzyme digestion; MSP = methylation specific PCR; Methylight =
multiplex PCR assay; qPCR = quantitative PCR; RT-PCR = Real Time PCR.

Moreover, the different methodologies of cfDNA extraction may bias its quantification given that
different extraction kits with variable recovery efficiencies can hamper the measurement of the real
cfDNA levels in the blood serum [36,37].

Several studies analyzed cfDNA integrity as a parameter of the disease status although with
contrasting results [38]. Huang et al. reported low integrity of cfDNA in a cohort of Chinese HCC
patients, mainly related to HBV infection, compared to patients with benign liver disease and healthy
subjects [39]. Interestingly, the cfDNA integrity test had a sensitivity, specificity and accuracy of
43.4%, 100% and 60%, respectively, in the detection of HCC [39]. The high efficacy of cfDNA integrity
as a diagnostic marker was achieved by the improved sensitivity of PCR protocols based on short
amplicons targeting the notably short tumour derived DNA fragments [40,41]. Conversely, Wang et al.
reported that the increased cfDNA integrity was associated with cancer, and measurement of this
parameter may be useful for cancer detection [42]. Accordingly, two other studies observed that cfDNA
integrity was significantly higher in HCC patients compared to HBV- and HCV-positive patients and
healthy controls [41,43]. Elshimali et al. also observed that cfDNA integrity was associated with
tumour size, TNM stage, vascular invasion, lymph node involvement, distant metastasis and poor
survival [36].

The majority of cancer types are characterized by distinctive somatic mutations which can be
identified in the DNA released by cancer cells and, in combination with the measurement of cfDNA
levels, may provide valuable clinical information, Figure 1 [44]. Several methodologies, mainly based
on the polymerase chain reaction (PCR) technique, have been used to detect tumour-related known
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mutations by specific probes in cfDNA including the amplification refractory mutation system (ARMS)
PCR, single-strand conformation polymorphism (SSCP), mutant enriched (ME) PCR, mutant allele
specific amplification (MASA), pyrophosphorolysis-activated polymerization allele specific (PAP-A)
PCR, and restriction fragment length polymorphism (RFLP-PCR) [45]. In addition, novel methods
based on digital technology have been introduced in cfDNA analysis such as the droplet digital PCR
(ddPCR). This technique is based on a droplet generating system, and BEAMing, involving the use of
beads, emulsions, amplification, magnetics, and microfluidics digital PCR [46–49]. All such PCR-based
techniques are very sensitive but have the disadvantage of generating false positive results when the
target DNA has a low copy number. Next generation sequencing (NGS) is widely used to analyze
large genomic regions on cfDNA and to detect, besides the known tumour related mutations, the less
common but clinically relevant variations. However, NGS with its high degree of sensitivity may
originate false positive results which require careful validation of all steps involved in the experimental
procedures including blood collection, cfDNA extraction, library preparation, sequencing and variant
callings [50].

Figure 1. Schematic representation of the liquid biopsy as tool for the analysis of circulating DNAs and
RNAs released from apoptotic or necrotic cancer cells into the blood stream.

Many studies have been published on the detection of tumour-specific somatic mutations in
cfDNA of various cancer types [51]. A significant association has been reported between tumour stage
and cancer-related genetic alterations, such as nucleotide changes in TP53, KRAS, APC and allelic
imbalances, in the blood of patients affected by breast, ovarian, pancreatic, colorectal cancer and oral
carcinoma as well as HCC [52–54]. Cancer driver mutations in TP53 and CTNNB1 genes as well as in
the TERT promoter region have been frequently identified in tumour tissues of HCC patients [55,56].
These mutations have been also detected in the peripheral blood of liver cancer patients. Particularly,
Huang et al. analyzed the mutational profile of TP53 (c.747 G > T), CTNNB1 (c.121A > G, c.133 T > C),
and TERT promoter (−124 C > T) in 48 HCC cases by digital droplet PCR assay and found that 56.3% of
patients had at least one mutation in cfDNA and 22.2% had concordant mutations in tumour DNA and
cfDNA [57]. Liao et al. investigated the mutational profile of these three genes in a cohort of Chinese
HCC patients and identified TERT, CTNNB1 and TP53 mutations in 4.9%, 9.8% and 4.9%, respectively,
of serum samples [26]. Interestingly, one patient had the CTNNB1 mutation (c.122 C > T) in cfDNA
but not in the primary tumour DNA, suggesting that circulating DNA fragments originated from
different tumour nodules with heterogeneous DNA alterations [26]. However, discordant mutations
between the DNA from primary tumour and cfDNA could also indicate the occurrence of false positive
results generated by highly sensitive techniques and repeated experiments are needed to rule out such
a possibility.
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Dietary exposure to aflatoxin B1 (AFB1) in Asia and Africa, in association with HBV infection,
has shown to increase the risk of HCC. The AFB1-related HCC patients frequently have distinctive
mutations in TP53 gene, such as the G to T transversion at codon 249 causing the arginine substitution
to serine (R249S) [58]. Jiao et al. identified the TP53 R249S mutation in 7.3% of HCC from Hispanic
patients living in South Texas but not among 218 HCC non-Hispanic patients and not in 96 subjects
with advanced fibrosis or cirrhosis living in the same region, suggesting that AFB-1 exposure may
have occurred only in the Hispanic population [59]. They observed that patients with TP53 R249S
mutations were significantly younger and had a lower overall survival. In Gambia, a country with
high exposure to AFB-1, the TP53 R249S mutation has been identified in 35% of HCC biopsies and
in 42% of plasma samples from HCC patients with a concordance of 88.5% between tumour tissues
and matched plasma [60]. Moreover, Huang et al. [61] studied the intra tumour genetic heterogeneity
in relation to the type of mutations identified in cfDNA fragments by analyzing a large panel of
mutations in HCC driver genes, comprising TP53, CTNNB1, PIK3CA and ARID1A. They observed
that cfDNA might provide a higher genome profiling potential than a single tumour specimen using
highly sensitive deep sequencing technology [61]. More recently, Cohen et al. developed a blood
assay able to diagnose the most common mutations in eight cancer types, including HCC, through
the analysis of circulating proteins, such as CA19-9, HGF, OPN, TIMP-1, CA-125, CEA, MPO and
PRL as well as of genetic alterations in cfDNA, such as the mutations in TP53, CTNNB1, CDKN2A,
PTEN and KRAS genes [62]. This a combined test, based on Luminex bead immunoassay technology,
showed 100% sensitivity for the detection of cancer lesions in the early stages [62]. Cai et al. performed
a whole exome sequencing analysis of DNA extracted from paired biopsies and plasma samples of
four HCC patients and showed that 96.9% of the tissue mutations could be also detected in cfDNA [63].
Such results strongly suggest that the analysis of cfDNA could overcome tumour heterogeneity with
uneven distribution of mutations in different nodules and could allow rapid evaluation of therapeutic
responses in the longitudinal monitoring of treated patients [63]. Furthermore, they found that the
valine-to-methione substitution at codon 174 in Hck tyrosine kinase, a recurrent metastasis related
mutation, could promote the migration and invasion of HCC cells [63].

High levels of HBV DNA in the blood serum have shown to be a strong risk factor for HCC
onset. Chen et al. observed that an elevated HBV DNA level (≥10,000 copies/mL) in the serum is
a predictor of HCC independently from HBeAg, alanine aminotransferase level and liver cirrhosis [64].
Moreover, circulating HBV DNA has been suggested to be an early indicator of the success or failure
of transarterial chemoembolisation [65].

3. DNA Methylation

DNA methylation is one of the most common epigenetic mechanisms used by the cells to
control gene expression. It consists of the addition of methyl groups at CpG dinucleotides which
are concentrated at specific clusters defined as CpG islands [66]. DNA methylation is usually
a repressive mechanism causing specific gene silencing and allele inactivation of the X-chromosome.
Aberrant methylation of normally unmethylated 5′-CpG-rich regions in cancer cells leads to the
repression of several genes coding for factors involved in DNA damage repair, cell cycle regulation
and apoptosis [67]. HBV infection has shown to affect the methylation of several genes including
Ras association domain family 1 isoform A (RASSF1A), Glutathione S-Transferase Pi 1 (GSTP1),
Cyclin Dependent Kinase Inhibitor 2A (p16[INK4A]), E-cadherin (CDH1) and Cyclin Dependent
Kinase Inhibitor 1A (p21[WAF1/CIP1]) genes, while HCV infection has been associated with
aberrant methylation of Adenomatous Polyposis Coli (APC), Suppressor of Cytokine Signaling 1
(SOCS-1), Growth Arrest and DNA Damage Inducible Beta (Gadd45β), O-6-Methylguanine-DNA
Methyltransferase (MGMT) and Signal Transducer and Activator of Transcription 1 (STAT1)
genes [68,69]. Hypermethylation of the RASSF1A gene is frequently observed in HCC [27,33,67].
Chan et al. found the RASSF1A gene hyper methylated in 93% of the sera of HBV-related HCC patients
and in 58% of the sera of HBV chronic infected patients suggesting that RASSF1A hypermethylation
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could represent an early event in HCC pathogenesis [31]. Other studies reported that patients with high
RASSF1A methylation at diagnosis or one year after tumour resection show generally poor disease-free
survival, suggesting that RASSF1A methylation could be a good cancer prognostic marker [27,32,33].
Conversely, Hui-Chen et al. failed to find RASSF1A gene methylation in plasma of Taiwanese HCC
patients although it was hypermethylated in tumour biopsies [70]. Dong et al. reported that several
genes, such as RASSF1A, APC, Blood Vessel Epicardial Substance (BVES), Homeobox A9 (HOXA9),
GSTP1, and Tissue Inhibitor of Metallopeptidase Inhibitor 3 (TIMP3), were hypermethylated in
cancer biopsies of 343 HCC patients but only RASSF1A, BVES, and HOXA9 gene promoters were
found significantly hypermethylated also in the sera of these patients [17]. In addition, in this study,
the sensitivity of RASSF1A hypermethylation in the serum was higher than AFP (≥20 ng/L) in
distinguishing HCC from HBV chronic infected patients [17].

The promoter region of GSTP1, encoding for Glutathione S-transferase P1, has been found to be
hyper methylated in about 50% of cancer tissues including HCC [71,72]. The aberrant methylation of
GSTP1 has been shown to be associated with HCC progression [1], and to be more frequent in tumours
characterized by capsular invasion and metastasis [73]. Several studies suggested GSTP1 methylation
as a diagnostic marker for HCC reporting a sensitivity of 50–75% and a specificity of 70–91% with
a performance superior to that of APC or RASSF1 genes [28]. The meta-analysis conducted by Liu et al.
analyzing the methylation status of GSTP1 in 646 HCC tissues, APC in 592, and SOCS1 in 512 HCC
tissues showed a strong correlation between the hypermethylation of such genes and the risk of
HCC and suggested such epigenetic alterations as promising biomarkers for HCC development [74].
Huang et al. analyzed the methylation status of GSTP1, RASSF1A, APC and Secreted Frizzled Related
Protein 1 (SFRP1) genes in plasma samples of 72 patients with HCC and 37 subjects with benign liver
diseases showing that RASSF1A methylation was positively correlated with tumour size, while GSTP1
methylation was associated with elevated AFP levels in the serum, and SFRP1 methylation was
more common in females [27]. The authors also found that hypermethylation of all these genes had
a sensitivity of 84.7% in the detection of HCC [27]. Wang et al. reported that the methylation status of
GSTP1 contributes to hepatic carcinogenesis since this gene has been found hypermethylated in the
serum of 50% of HCC patients and in 37.5% of cirrhotic patients [29].

Other hypermethylated genes detected in the plasma of HCC patients are CDKN2A,
which encodes for p16, an inhibitor of cyclin D-dependent kinases, and SOCS3, which encodes
for the cytokine signaling 3 suppressor [30,34]. Moreover, Han et al. found that G Protein-Coupled Bile
Acid Receptor 1 (TGR5), a membrane-bound receptor with a crucial role in regulating bile homeostasis
and glucose metabolism, is aberrantly methylated in HCC and could have a diagnostic value of
AFP in the discrimination of HCC from HBV chronic infected patients [35]. TGR5 acts as tumour
suppressor gene, in fact its activation greatly inhibits the proliferation and migration of human liver
cancer cells in vitro while the deficiency of TGR5 enhances chemical-induced liver carcinogenesis [35].
Recently, other genes have been found hypermethylated in HCC, such as AKR1B1, GRASP, MAP9,
NXPE3, RSPH9, SPINT2, STEAP4, ZNF154, VIM and FBLN1 genes [75,76]. On the other hand,
an elevated level of hypomethylated LINE1 Type Transposase Domain Containing 1 (LINE-1) in
the serum has been associated with tumour progression, invasiveness and poor prognosis in HCC
patients [77–79]. Liu et al. found that LINE-1 was hypomethylated in 66.7% of sera from HCC patients
and was associated with HBsAg positivity, tumour size, AFP levels and poor survival [32]. Importantly,
measurement of LINE-1 hypomethylation and RASSF1A promoter hypermethylation was found to
be significantly correlated with early recurrence and poor prognosis in HCC patients after curative
resection [32].

4. Microsatellite Instability

Microsatellites are short, highly repeated DNA sequences commonly present in the eukaryotic
genomes [80]. Loss and length alteration of microsatellite regions are frequent events in the neoplastic
process, suggesting their possible employment in the tumour diagnosis. The comparative genomic
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hybridization (CGH) technique has enabled the study of some microsatellite alterations in HCC
genomes such as those affecting chromosome 8p, 17p and 19p deletions, which might cause HCC
metastasis [81]. Moreover, two microsatellite markers located on the chromosome 8p, namely D8S258
and D8S264, have been found to be associated with increased cfDNA levels and involved in HCC
progression, metastasis and reduced survival [82]. Pang et al. observed microsatellite instability and
loss of heterozygosity of D8S277, D8S298, and D8S1771 located on chromosome 8p in the plasma DNA
of HCC patients [83].

The analysis of 109 microsatellite markers, representing 24 chromosomal arms, in 21 cases of HCC,
six cholangiocarcinoma and 27 chronic hepatitis or cirrhosis cases performed by Chang et al. showed
at least one loss of heterozygosity in the cfDNA of approximately 76% of HCC patients. None of the
cholangiocarcinoma patients exhibited loss of heterozygosity, suggesting that microsatellite markers
might be appropriate for differential diagnosis of primary liver cancers [84]. Interestingly, 71.4% of
HCC patients with AFP levels below 20 ng/mL showed loss of heterozygosity in the microsatellite
regions, suggesting that this factor is an early marker of tumour development [84].

5. Circulating MicroRNAs

MiRNAs are short non-coding RNAs which regulate gene expression through their binding
to the 3′UTR of mRNAs and consequent degradation or translational repression of targeted
gene transcripts [85]. Deregulation of miRNAs levels in the cells plays an important role in
tumour development.

Numerous miRNAs have shown to be associated with HCC on the basis of their differential
expression in tumour versus non-tumour liver tissues such as the miR-122, miR-200a, miR-21, miR-223,
let-7f, and miR-155 [85]. The role of circulating miR-122 and let-7 in the early diagnosis of HCC was
suggested by the observation that their levels in the sera of HBV positive patients with dysplastic
nodules and of early stage HCC patients had a sensitivity comparable to AFP testing [57]. Moreover,
the hyper expression of let-7f in the serum has been shown to correlate with tumour size above 5 cm in
diameter and with early recurrence [86]. miR223-3p and miR-125b-5p also were evaluated as good
biomarkers in HBV-positive HCC [87]. Zheng et al. analyzed the serum levels of miR-125-5p in
120 patients with HCC, 91 with chronic HBV and 164 healthy controls, observing increased expression
in liver fibrosis but not in HCC. Low serum levels of miR-125a-5p in HCC patients were correlated
with a poor prognosis [88].

miR-122 has been shown to have a major role in HCV-related HCC. Zekri et al, using a panel of
miR-122, miR-885-5p, and miR-29b in association with AFP testing, obtained a high diagnostic accuracy
for early detection of HCC in a normal population, while using a panel of miR-122, miR-885-5p,
miR-221, and miR-22 with AFP, obtained a high diagnostic accuracy for early detection of HCC in
cirrhotic patients [89]. In addition, Qu et al., testing for miR-143 and miR-215 in association with
AFP, showed a good efficiency in HCC diagnosis [90]. Okajima et al. analyzed the expression
of four oncogenic miRNAs, namely miR-151, miR-155, miR-191 and miR-224, in the plasma of
107 HCC patients and 75 healthy volunteers. They observed that miR-224 was highly expressed
in HCC tissues and plasma, but the levels decreased significantly following surgery, suggesting that
miR-224 reflects tumour dynamic [91]. Similarly, miR-500 has been found to be largely expressed
in sera of HCC patients and decreased to normal levels after surgery [92]. The expression profiles
of miR-21 showed contrasting results. Ge et al. and Zhuang et al. observed down-regulation of
miR-21 in HCC [86,93], while Zhou et al. and Amr et al. found hyper expression of miR-21 in HCC
patients [94,95]. Recently, Ding et al. performed a meta-analysis including 24 studies and concluded
that the high expression levels of miR-21, as well as miR-122 and miR-199, are highly specific for
the diagnosis of HCC [96]. Despite its expression levels, miR-21 has been found to be involved in
tumour cell migration, invasion and in metastasis [94,95]. Other miRNAs have been found to be
associated with the development of metastasis, including miR-182, which is able to down-regulate
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metastasis suppressor 1 [97], and miR-331–3P, targeting the PH domain and leucine-rich repeat protein
phosphatase [98].

miR-16 is down-regulated in the serum of HCC patients, and the low expression is correlated with
some clinical features such as platelets, prothrombin time and bilirubin [86]. miR-30e and miR-223
have also been found at significantly lower levels in the sera of HCC patients compared to chronic liver
diseases patients and healthy volunteers [99]. In addition, miR-26a and miR-101 are deregulated in the
serum of HCC patients and could be used as biomarkers in combination with AFP testing to obtain
a better sensitivity than AFP alone [93]. Yin et al. found that miR-199a-3p have high specificity and
good predictive value in the diagnosis of early-stage alcohol-related HCC cases [100]. Zhan et al. found
that patients with high levels of circulating miR-210 are resistant to trans-arterial chemoembolization
treatment and have generally poor survival [101]. The levels of circulating miR-106b showed high
sensitivity and specificity in differentiating HCC patients from chronic liver diseases or healthy subjects,
denoting its clinical relevance [12].

6. Long Non-Coding RNA

Long non-coding RNAs (lncRNA) have been defined as transcripts longer than 200 nucleotides
that are not translated into proteins and are largely expressed in various tissues [102]. They are also
involved in multiple tumour processes including proliferation, apoptosis, invasion and metastasis
through chromatin remodelling, epigenetic modifications, and gene regulation. Many previous
studies showed that lncRNAs might be used as biomarkers in cancers [11]. Among these, the long
intergenic non-protein coding RNA 974 (Linc00974) has been shown to be increased in the serum of
HCC patients in comparison to the cytokeratin 19 fragment (CYFRA 21-1) and is useful as a tumour
marker to improve the prognosis of HCC patients [103]. In vitro studies showed that Linc00974 causes
proliferation and metastasis of HCC cells by interacting with keratin 19 (KRT19) [103]. In addition,
the overexpression of lncRNA SPRY4-IT1 has been shown to promote tumour cell proliferation
and invasion through the activation of the histone-lysine N-methyltransferase enzyme EZH2 [104].
Accordingly, Jing et al. observed that SPRY4-IT1 levels were significantly upregulated in HCC biopsies
compared to the adjacent non-tumour tissues and that the amount of SPRY4-IT1 was significantly
higher in the plasma collected in pre-surgery compared to that withdrawn in post-surgery [105].
The lncRNA MALAT1 has been demonstrated to regulate Zinc finger E-box-binding homeobox 1
(ZEB1) expression, promoting HCC development [106]. The evaluation of MALAT1 in peripheral
blood and HCC tissues showed that there was a progressive and significant increase of MALAT1
levels in the plasma of patients with increasing severity of disease. On the other hand, plasma
MALAT1 levels were significantly low in HCC patients with hepatitis B infection [106]. The circulating
lncRNA-CTBP has been shown to have high sensitivity and specificity for discriminating HCC from
healthy controls and from cirrhotic patients [107]. Weidong et al. identified three circulating lncRNAs,
LINC00152, RP11-160H22.5 and XLOC014172, which, combined with the dosage of AFP, could be
potential biomarkers of HCC development both in cirrhotic patients and healthy subjects [108].

7. Extracellular Vesicles

Extracellular vesicles are membrane-derived structures, released by cells into their microenvironment,
which are classified into exosomes, microvesicles and apoptotic bodies, based on their biogenesis, size,
and membrane markers [109]. Exosomes are the smallest subtype, with a diameter of 100–150 nm, and are
formed by the fusion of multivesicular bodies and the plasma membrane [14]. Microvesicles have a larger
diameter, approximately of 100–1000 nm, and derive from the cell membrane. Apoptotic bodies have the
largest diameter, ranging from 1 to 5 µm, and are formed by the aggregation of apoptotic cells [14,110].
Secretion of extracellular vesicles in the body fluids is a common mechanism of cell homeostasis, thus the
vesicles content can reflect the disease-associated cellular changes [13]. An enhancement of extracellular
vesicle secretion is frequently observed in the serum of patients affected by alcoholic liver disease
or by early stage fibrosis associated with chronic HBV or HCV infection. One of the molecules
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highly enriched within the extracellular vesicles released by HCC cells is the lncRNA TUC339 [111].
Moreover, cirrhotic patients with chronic HBV or HCV infection have an increased amount of Annexin
V+, EpCAM+, ASGPR1+ and CD133+ microvesicles [112]. The number CD4+ and CD8+ microvesicles
has also been found to increase in patients with liver diseases due to chronic inflammation and
elevated number of T-cells in the injured liver [113]. Since multiple diseases are associated with
the activation of inflammatory cells, the quantification of inflammatory cell-derived extracellular
vesicles is not specific to liver pathology. However, the detection of asialoglycoprotein receptor 1
(ASGPR1), a hepatocyte-specific receptor, of EpCAM/CD133, markers of liver progenitor cells, and of
cytokeratin-18 (CK18), a marker of hepatocytes and cholangiocytes, could help to define the hepatic
origin of such vesicles [114].

Exosomes contain a wide range of biological molecules, including proteins, lipids and nucleic
acids, which are markers of tumour onset and progression [19]. Tumour cells release numerous
exosomes that are involved in intercellular communication, angiogenesis, metastasis, drug and
radiotherapy resistance [115]. Kogure et al. identified 134 different types of miRNAs in Hep3B cell
line-derived exosomes and found 55 miRNAs were over expressed more than 4-fold in the exosomes
compared with the donor cells [116]. The expression levels of 25 of these miRNAs were increased up to
166-fold, 30 miRNAs were decreased up to 113-fold and importantly, 11 miRNAs were only detected
in exosomes [116]. Wei et al. identified nine miRNAs differentially expressed in the SMMC-7721 liver
cancer cell line expressing VPS4, a protein involved in endosomal transport, and derived exosomes.
Particularly, six tumour suppressor miRNAs (miR-122-5p, miR-33a-5p, miR-34a-5p, miR-193a-3p,
miR-16-5p, and miR-29b-3p) were significantly up-regulated in exosomes secreted by SMMC-7721
expressing Vps4 versus those produced by SMMC-7721 negative forVps4 [117].

Exosomes have shown to vehicle miRNAs into cells and to alter biological functions by targeting
specific genes. Lou et al. found that miR-122 could be transported to HCC cells via exosomes and could
regulate the target genes resulting in the improvement of HCC cell sensitivity to chemotherapeutic
drugs [118]. Exosomal miR-718 has shown to regulate the homeobox B8 gene expression and to
inhibit the differentiation of liver HCC cells [119]. Patients with low numbers of exosomes positive for
miR-718 in the serum showed higher probability of tumour recurrence after liver transplantation [119].
Moreover exosomal miRNA content could be useful for the differential diagnosis of liver diseases.
In fact, the number of exosomes containing miR-18a, miR-221, miR-222 and miR-224 in the serum
of patients with HCC has been found to be significantly higher than that in patients with hepatitis
and cirrhosis, whereas the presence of miR-101, miR-106b, miR-122 and miR-195 was found to be
significantly reduced in HCC [120]. Shi et al. observed reduced levels of exosomal miR-638 in the
serum of HCC patients and a negative association with tumour size, vascular infiltration, TNM stage
and poor prognosis [121].

Sohn et al. observed that levels of exosomal miR-18a, miR-221, miR-222 and miR-224 in the
serum were significantly higher in patients with HCC than those with chronic hepatitis B or with
cirrhosis [120].

Wang et al. [122] analyzed the expression level of exosomal miR-21 in the serum and found
significantly higher levels in patients with HCC than in those with chronic hepatitis or healthy
volunteers. High levels of miR-21 correlated with cirrhosis and advanced tumour stages. Interestingly,
they found high levels of miR-21 both in sera and in exosomes; however, exosomal miR-21 expression
showed better sensitivity compared to the circulating free molecules [122]. Exosomal miR-665 levels
have been found to be significantly over expressed in tumours with large size (>5 cm), local invasion,
advanced clinical stage (stage III/IV) and reduced survival [123]. The expression of miR-939, miR-595
and miR-519d was shown to differentiate cirrhotic patients with and without HCC while miR-939 and
miR-595 have been shown to be independent predicting factors for HCC [124].

Exosomal miRNAs are emerging as mediators of the interaction between mast cells and tumour
cells. Xiong et al. observed that mast cells are able to block HCC cell metastasis by inhibiting the
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ERK1/2 pathway through the transfer of the exosomal miRNAs into HCC cells, thus providing new
insights for the biological therapy of HCV-related HCC [125].

Exosomes have the potential to be employed in target therapy. In fact, the transfer of miR-142
and miR-223 from human macrophages to liver cancer cells by exosomes has been shown to inhibit
the proliferation of tumour cells [126]. Moreover, Ma et al. showed that bone marrow-derived
mesenchymal stem cells showed significant anti-tumour activity after their sensitization with HCC
cell-derived exosomes and inhibited the proliferation of HCC cells, suggesting that sensitization with
cancer cell-derived exosomes may be a novel therapeutic strategy [1].

8. Conclusions

Several genetic and epigenetic alterations have shown to contribute to tumour development
and progression. During neoplastic process, tumour heterogeneity progressively increases, making it
extremely difficult to obtain good response to therapeutic treatments. Early diagnosis and dynamic
tumour monitoring represent crucial factors to improve the clinical outcome of malignant tumours
including HCC. cfDNA, circulating miRNA and epigenetic alterations are a good source of information
for tumour diagnosis. Although HCC driver mutations, such as those in TERT promoter, CTNNB1
and TP53 genes, have been widely observed in tissue biopsies, they have been rarely found in cfDNA
probably due to the low fraction of circulating mutated molecules or to the lack in sensitivity of most
methodologies. Pre-analytical parameters, such as blood storage and processing, also affect cfDNA
integrity and recovery yield [36].

Recently, the development of new technologies such as ddPCR, able to detect one mutant copy
in a background of 20,000 wild type molecules, is opening new perspectives in the detection of
mutant cfDNA [127,128]. The ddPCR method has wide employment also in miRNA detection since it
allows absolute miRNA quantification and is not affected by variations caused by samples and PCR
amplification efficiency [127].

Some molecular alterations, such as miR-122 and let-7 expression or RASSF1A hypermethylation,
provided good diagnostic results when used alone or in combination with AFP dosage [17,57,89].
Conversely, miR-21 levels [86,93–95] and cfDNA integrity [12,42,43,57] show contrasting trends and
underlie the need for further investigations.

Although the number of studies evaluating biomarkers in liquid biopsies as diagnostic tools for
cancer detection is progressively increasing, very few of them have demonstrated solid diagnostic
performance. The Early Detection Research Network, administered by the Cancer Biomarkers Research
Group in the Division of Cancer Prevention of the US National Cancer Institute, proposed that the
development of biomarkers for cancer diagnosis must undergo five phases, but most of the studies are
still in the early phases [129].

Standardization among different laboratories in collecting, storage and analytic methods is a key
factor to ensure consistency in clinical application. All the genetic and epigenetic alterations proposed
as good tumour markers by the studies described above need further analyses on larger cohorts in
order to validate them as HCC diagnostic and prognostic biomarkers. It is likely that in the future
some of these biomarkers will be employed, alone or in combination with other already established
assays (i.e., AFP), to improve the accuracy in the diagnosis of the medical practice.

Acknowledgments: Francesca Pezzuto is the recipient of a research fellowship awarded by FIRE/AISF ONLUS
(Fondazione Italiana per la Ricerca in Epatologia) http://www.fondazionefegato.it/.

Author Contributions: Francesca Pezzuto, Luigi Buonaguro, Franco Maria Buonaguro and Maria Lina Tornesello
conceived and wrote the review article.

Conflicts of Interest: The authors have declared no conflicts of interest.

http://www.fondazionefegato.it/


Int. J. Mol. Sci. 2018, 19, 1007 11 of 17

References

1. Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F.
Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012.
Int. J. Cancer 2015, 136, E359–E386. [CrossRef] [PubMed]

2. Perz, J.F.; Armstrong, G.L.; Farrington, L.A.; Hutin, Y.J.; Bell, B.P. The contributions of hepatitis B virus and
hepatitis C virus infections to cirrhosis and primary liver cancer worldwide. J. Hepatol. 2006, 45, 529–538.
[CrossRef] [PubMed]

3. Okuda, K.; Nakanuma, Y.; Miyazaki, M. Cholangiocarcinoma: Recent progress. Part 1: Epidemiology and
etiology. J. Gastroenterol. Hepatol. 2002, 17, 1049–1055. [CrossRef] [PubMed]

4. Bosetti, C.; Turati, F.; La, V.C. Hepatocellular carcinoma epidemiology. Best Pract. Res. Clin. Gastroenterol.
2014, 28, 753–770. [CrossRef] [PubMed]

5. Maucort-Boulch, D.; de Martel, C.; Franceschi, S.; Plummer, M. Fraction and incidence of liver cancer
attributable to hepatitis B and C viruses worldwide. Int. J. Cancer 2018, 10. [CrossRef] [PubMed]

6. El-Serag, H.B. Epidemiology of viral hepatitis and hepatocellular carcinoma. Gastroenterology 2012, 142,
1264–1273. [CrossRef] [PubMed]

7. Tang, A.; Cruite, I.; Mitchell, D.G.; Sirlin, C.B. Hepatocellular carcinoma imaging systems: Why they exist,
how they have evolved, and how they differ. Abdom. Radiol. 2018, 43, 3–12. [CrossRef] [PubMed]

8. Bolondi, L.; Cillo, U.; Colombo, M.; Craxi, A.; Farinati, F.; Giannini, E.G.; Golfieri, R.; Levrero, M.;
Pinna, A.D.; Piscaglia, F.; et al. Position paper of the Italian Association for the Study of the Liver (AISF):
The multidisciplinary clinical approach to hepatocellular carcinoma. Dig. Liver Dis. 2013, 45, 712–723.
[CrossRef] [PubMed]

9. Gamil, M.; Alboraie, M.; El-Sayed, M.; Elsharkawy, A.; Asem, N.; Elbaz, T.; Mohey, M.; Abbas, B.; Mehrez, M.;
Esmat, G. Novel scores combining AFP with non-invasive markers for prediction of liver fibrosis in chronic
hepatitis C patients. J. Med. Virol. 2018, 10. [CrossRef] [PubMed]

10. Attwa, M.H.; El-Etreby, S.A. Guide for diagnosis and treatment of hepatocellular carcinoma. World J. Hepatol.
2015, 7, 1632–1651. [CrossRef] [PubMed]

11. Tang, J.C.; Feng, Y.L.; Guo, T.; Xie, A.Y.; Cai, X.J. Circulating tumor DNA in hepatocellular carcinoma: Trends
and challenges. Cell Biosci. 2016, 6, 32. [CrossRef] [PubMed]

12. Jiang, L.; Li, X.; Cheng, Q.; Zhang, B.H. Plasma microRNA might as a potential biomarker for hepatocellular
carcinoma and chronic liver disease screening. Tumour. Biol. 2015, 36, 7167–7174. [CrossRef] [PubMed]

13. Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013, 200,
373–383. [CrossRef] [PubMed]

14. Thery, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, biogenesis and function. Nat. Rev. Immunol.
2002, 2, 569–579. [CrossRef] [PubMed]

15. Mandel, P.; Metais, P. Les acides nucléiques du plasma sanguin chez l’homme. C. R. Seances Soc. Biol. Fil.
1948, 142, 241–243. [PubMed]

16. Leon, S.A.; Shapiro, B.; Sklaroff, D.M.; Yaros, M.J. Free DNA in the serum of cancer patients and the effect of
therapy. Cancer Res. 1977, 37, 646–650. [PubMed]

17. Dong, X.; Hou, Q.; Chen, Y.; Wang, X. Diagnostic Value of the Methylation of Multiple Gene Promoters in
Serum in Hepatitis B Virus-Related Hepatocellular Carcinoma. Dis. Markers 2017, 2017. [CrossRef] [PubMed]

18. Sozzi, G.; Conte, D.; Leon, M.; Ciricione, R.; Roz, L.; Ratcliffe, C.; Roz, E.; Cirenei, N.; Bellomi, M.; Pelosi, G.;
et al. Quantification of free circulating DNA as a diagnostic marker in lung cancer. J. Clin. Oncol. 2003, 21,
3902–3908. [CrossRef] [PubMed]

19. Yin, C.Q.; Yuan, C.H.; Qu, Z.; Guan, Q.; Chen, H.; Wang, F.B. Liquid Biopsy of Hepatocellular Carcinoma:
Circulating Tumor-Derived Biomarkers. Dis. Markers 2016, 2016. [CrossRef] [PubMed]

20. Breitbach, S.; Tug, S.; Simon, P. Circulating cell-free DNA: An up-coming molecular marker in exercise
physiology. Sports Med. 2012, 42, 565–586. [CrossRef] [PubMed]

21. Snyder, M.W.; Kircher, M.; Hill, A.J.; Daza, R.M.; Shendure, J. Cell-free DNA Comprises an In Vivo
Nucleosome Footprint that Informs Its Tissues-Of-Origin. Cell 2016, 164, 57–68. [CrossRef] [PubMed]

22. Piciocchi, M.; Cardin, R.; Vitale, A.; Vanin, V.; Giacomin, A.; Pozzan, C.; Maddalo, G.; Cillo, U.; Guido, M.;
Farinati, F. Circulating free DNA in the progression of liver damage to hepatocellular carcinoma. Hepatol.
Int. 2013, 7, 1050–1057. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/ijc.29210
http://www.ncbi.nlm.nih.gov/pubmed/25220842
http://dx.doi.org/10.1016/j.jhep.2006.05.013
http://www.ncbi.nlm.nih.gov/pubmed/16879891
http://dx.doi.org/10.1046/j.1440-1746.2002.02781.x
http://www.ncbi.nlm.nih.gov/pubmed/12201863
http://dx.doi.org/10.1016/j.bpg.2014.08.007
http://www.ncbi.nlm.nih.gov/pubmed/25260306
http://dx.doi.org/10.1002/ijc.31280
http://www.ncbi.nlm.nih.gov/pubmed/29388206
http://dx.doi.org/10.1053/j.gastro.2011.12.061
http://www.ncbi.nlm.nih.gov/pubmed/22537432
http://dx.doi.org/10.1007/s00261-017-1292-3
http://www.ncbi.nlm.nih.gov/pubmed/28840293
http://dx.doi.org/10.1016/j.dld.2013.01.012
http://www.ncbi.nlm.nih.gov/pubmed/23769756
http://dx.doi.org/10.1002/jmv.25026
http://www.ncbi.nlm.nih.gov/pubmed/29315641
http://dx.doi.org/10.4254/wjh.v7.i12.1632
http://www.ncbi.nlm.nih.gov/pubmed/26140083
http://dx.doi.org/10.1186/s13578-016-0100-z
http://www.ncbi.nlm.nih.gov/pubmed/27182434
http://dx.doi.org/10.1007/s13277-015-3446-7
http://www.ncbi.nlm.nih.gov/pubmed/25894380
http://dx.doi.org/10.1083/jcb.201211138
http://www.ncbi.nlm.nih.gov/pubmed/23420871
http://dx.doi.org/10.1038/nri855
http://www.ncbi.nlm.nih.gov/pubmed/12154376
http://www.ncbi.nlm.nih.gov/pubmed/18875018
http://www.ncbi.nlm.nih.gov/pubmed/837366
http://dx.doi.org/10.1155/2017/2929381
http://www.ncbi.nlm.nih.gov/pubmed/28951629
http://dx.doi.org/10.1200/JCO.2003.02.006
http://www.ncbi.nlm.nih.gov/pubmed/14507943
http://dx.doi.org/10.1155/2016/1427849
http://www.ncbi.nlm.nih.gov/pubmed/27403030
http://dx.doi.org/10.2165/11631380-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/22694348
http://dx.doi.org/10.1016/j.cell.2015.11.050
http://www.ncbi.nlm.nih.gov/pubmed/26771485
http://dx.doi.org/10.1007/s12072-013-9481-9
http://www.ncbi.nlm.nih.gov/pubmed/26202034


Int. J. Mol. Sci. 2018, 19, 1007 12 of 17

23. Truszewska, A.; Foroncewicz, B.; Paczek, L. The role and diagnostic value of cell-free DNA in systemic lupus
erythematosus. Clin. Exp. Rheumatol. 2017, 35, 330–336. [PubMed]

24. Zhang, S.; Lu, X.; Shu, X.; Tian, X.; Yang, H.; Yang, W.; Zhang, Y.; Wang, G. Elevated plasma cfDNA may
be associated with active lupus nephritis and partially attributed to abnormal regulation of neutrophil
extracellular traps (NETs) in patients with systemic lupus erythematosus. Intern. Med. 2014, 53, 2763–2771.
[CrossRef] [PubMed]

25. Huang, A.; Zhang, X.; Zhou, S.L.; Cao, Y.; Huang, X.W.; Fan, J.; Yang, X.R.; Zhou, J. Detecting Circulating
Tumor DNA in Hepatocellular Carcinoma Patients Using Droplet Digital PCR Is Feasible and Reflects
Intratumoral Heterogeneity. J. Cancer 2016, 7, 1907–1914. [CrossRef] [PubMed]

26. Liao, W.; Yang, H.; Xu, H.; Wang, Y.; Ge, P.; Ren, J.; Xu, W.; Lu, X.; Sang, X.; Zhong, S.; et al. Noninvasive
detection of tumor-associated mutations from circulating cell-free DNA in hepatocellular carcinoma patients
by targeted deep sequencing. Oncotarget 2016, 7, 40481–40490. [CrossRef] [PubMed]

27. Huang, Z.H.; Hu, Y.; Hua, D.; Wu, Y.Y.; Song, M.X.; Cheng, Z.H. Quantitative analysis of multiple methylated
genes in plasma for the diagnosis and prognosis of hepatocellular carcinoma. Exp. Mol. Pathol. 2011, 91,
702–707. [CrossRef] [PubMed]

28. Huang, W.; Li, T.; Yang, W.; Chai, X.; Chen, K.; Wei, L.; Duan, S.; Li, B.; Qin, Y. Analysis of DNA methylation
in plasma for monitoring hepatocarcinogenesis. Genet. Test. Mol. Biomark. 2015, 19, 295–302. [CrossRef]
[PubMed]

29. Wang, J.; Qin, Y.; Li, B.; Sun, Z.; Yang, B. Detection of aberrant promoter methylation of GSTP1 in the tumor
and serum of Chinese human primary hepatocellular carcinoma patients. Clin. Biochem. 2006, 39, 344–348.
[CrossRef] [PubMed]

30. Wong, I.H.; Lo, Y.M.; Zhang, J.; Liew, C.T.; Ng, M.H.; Wong, N.; Lai, P.B.; Lau, W.Y.; Hjelm, N.M.; Johnson, P.J.
Detection of aberrant p16 methylation in the plasma and serum of liver cancer patients. Cancer Res. 1999, 59,
71–73. [PubMed]

31. 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]
[PubMed]

32. Liu, Z.J.; Huang, Y.; Wei, L.; He, J.Y.; Liu, Q.Y.; Yu, X.Q.; Li, Z.L.; Zhang, J.; Li, B.; Sun, C.J.; et al. Combination
of LINE-1 hypomethylation and RASSF1A promoter hypermethylation in serum DNA is a non-invasion
prognostic biomarker for early recurrence of hepatocellular carcinoma after curative resection. Neoplasma
2017, 64, 795–802. [CrossRef] [PubMed]

33. Yeo, W.; Wong, N.; Wong, W.L.; Lai, P.B.; Zhong, S.; Johnson, P.J. High frequency of promoter hypermethylation
of RASSF1A in tumor and plasma of patients with hepatocellular carcinoma. Liver Int. 2005, 25, 266–272.
[CrossRef] [PubMed]

34. Wei, L.; Huang, Y.; Zhao, R.; Zhang, J.; Liu, Q.; Liang, W.; Ding, X.; Gao, B.; Li, B.; Sun, C.; et al. Detection
of promoter methylation status of suppressor of cytokine signaling 3 (SOCS3) in tissue and plasma from
Chinese patients with different hepatic diseases. Clin. Exp. Med. 2017, 18, 79–87. [CrossRef] [PubMed]

35. Han, L.Y.; Fan, Y.C.; Mu, N.N.; Gao, S.; Li, F.; Ji, X.F.; Dou, C.Y.; Wang, K. Aberrant DNA methylation of
G-protein-coupled bile acid receptor Gpbar1 (TGR5) is a potential biomarker for hepatitis B Virus associated
hepatocellular carcinoma. Int. J. Med. Sci. 2014, 11, 164–171. [CrossRef] [PubMed]

36. Elshimali, Y.I.; Khaddour, H.; Sarkissyan, M.; Wu, Y.; Vadgama, J.V. The clinical utilization of circulating
cell free DNA (CCFDNA) in blood of cancer patients. Int. J. Mol. Sci. 2013, 14, 18925–18958. [CrossRef]
[PubMed]

37. Page, K.; Guttery, D.S.; Zahra, N.; Primrose, L.; Elshaw, S.R.; Pringle, J.H.; Blighe, K.; Marchese, S.D.; Hills, A.;
Woodley, L.; et al. Influence of plasma processing on recovery and analysis of circulating nucleic acids.
PLoS ONE 2013, 8, e77963. [CrossRef] [PubMed]

38. Chen, K.; Zhang, H.; Zhang, L.N.; Ju, S.Q.; Qi, J.; Huang, D.F.; Li, F.; Wei, Q.; Zhang, J. Value of circulating
cell-free DNA in diagnosis of hepatocelluar carcinoma. World J. Gastroenterol. 2013, 19, 3143–3149. [CrossRef]
[PubMed]

39. Huang, A.; Zhang, X.; Zhou, S.L.; Cao, Y.; Huang, X.W.; Fan, J.; Yang, X.R.; Zhou, J. Plasma Circulating
Cell-free DNA Integrity as a Promising Biomarker for Diagnosis and Surveillance in Patients with
Hepatocellular Carcinoma. J. Cancer 2016, 7, 1798–1803. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/27908304
http://dx.doi.org/10.2169/internalmedicine.53.2570
http://www.ncbi.nlm.nih.gov/pubmed/25500436
http://dx.doi.org/10.7150/jca.15823
http://www.ncbi.nlm.nih.gov/pubmed/27698932
http://dx.doi.org/10.18632/oncotarget.9629
http://www.ncbi.nlm.nih.gov/pubmed/27248174
http://dx.doi.org/10.1016/j.yexmp.2011.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21884695
http://dx.doi.org/10.1089/gtmb.2014.0292
http://www.ncbi.nlm.nih.gov/pubmed/25923138
http://dx.doi.org/10.1016/j.clinbiochem.2006.01.008
http://www.ncbi.nlm.nih.gov/pubmed/16527261
http://www.ncbi.nlm.nih.gov/pubmed/9892188
http://dx.doi.org/10.1373/clinchem.2008.104653
http://www.ncbi.nlm.nih.gov/pubmed/18653827
http://dx.doi.org/10.4149/neo_2017_519
http://www.ncbi.nlm.nih.gov/pubmed/28592132
http://dx.doi.org/10.1111/j.1478-3231.2005.01084.x
http://www.ncbi.nlm.nih.gov/pubmed/15780049
http://dx.doi.org/10.1007/s10238-017-0473-2
http://www.ncbi.nlm.nih.gov/pubmed/28951980
http://dx.doi.org/10.7150/ijms.6745
http://www.ncbi.nlm.nih.gov/pubmed/24465162
http://dx.doi.org/10.3390/ijms140918925
http://www.ncbi.nlm.nih.gov/pubmed/24065096
http://dx.doi.org/10.1371/journal.pone.0077963
http://www.ncbi.nlm.nih.gov/pubmed/24205045
http://dx.doi.org/10.3748/wjg.v19.i20.3143
http://www.ncbi.nlm.nih.gov/pubmed/23716996
http://dx.doi.org/10.7150/jca.15618
http://www.ncbi.nlm.nih.gov/pubmed/27698918


Int. J. Mol. Sci. 2018, 19, 1007 13 of 17

40. Andersen, R.F.; Spindler, K.L.; Brandslund, I.; Jakobsen, A.; Pallisgaard, N. Improved sensitivity of circulating
tumor DNA measurement using short PCR amplicons. Clin. Chim. Acta 2015, 439, 97–101. [CrossRef]
[PubMed]

41. Jiang, P.; Chan, C.W.; Chan, K.C.; Cheng, S.H.; Wong, J.; Wong, V.W.; Wong, G.L.; Chan, S.L.; Mok, T.S.;
Chan, H.L.; et al. Lengthening and shortening of plasma DNA in hepatocellular carcinoma patients.
Proc. Natl. Acad. Sci. USA 2015, 112, E1317–E1325. [CrossRef] [PubMed]

42. Wang, B.G.; Huang, H.Y.; Chen, Y.C.; Bristow, R.E.; Kassauei, K.; Cheng, C.C.; Roden, R.; Sokoll, L.J.;
Chan, D.W.; Shih, I. Increased plasma DNA integrity in cancer patients. Cancer Res. 2003, 63, 3966–3968.
[PubMed]

43. Chen, H.; Sun, L.Y.; Zheng, H.Q.; Zhang, Q.F.; Jin, X.M. Total serum DNA and DNA integrity: Diagnostic
value in patients with hepatitis B virus-related hepatocellular carcinoma. Pathology 2012, 44, 318–324.
[CrossRef] [PubMed]

44. Frattini, M.; Gallino, G.; Signoroni, S.; Balestra, D.; Lusa, L.; Battaglia, L.; Sozzi, G.; Bertario, L.; Leo, E.;
Pilotti, S.; et al. Quantitative and qualitative characterization of plasma DNA identifies primary and recurrent
colorectal cancer. Cancer Lett. 2008, 263, 170–181. [CrossRef] [PubMed]

45. Polivka, J., Jr.; Pesta, M.; Janku, F. Testing for oncogenic molecular aberrations in cell-free DNA-based liquid
biopsies in the clinic: Are we there yet? Expert Rev. Mol. Diagn. 2015, 15, 1631–1644. [CrossRef] [PubMed]

46. Beaver, J.A.; Jelovac, D.; Balukrishna, S.; Cochran, R.; Croessmann, S.; Zabransky, D.J.; Wong, H.Y.; Toro, P.V.;
Cidado, J.; Blair, B.G.; et al. Detection of cancer DNA in plasma of patients with early-stage breast cancer.
Clin. Cancer Res. 2014, 20, 2643–2650. [CrossRef] [PubMed]

47. Higgins, M.J.; Jelovac, D.; Barnathan, E.; Blair, B.; Slater, S.; Powers, P.; Zorzi, J.; Jeter, S.C.; Oliver, G.R.;
Fetting, J.; et al. Detection of tumor PIK3CA status in metastatic breast cancer using peripheral blood.
Clin. Cancer Res. 2012, 18, 3462–3469. [CrossRef] [PubMed]

48. Dawson, S.J.; Tsui, D.W.; Murtaza, M.; Biggs, H.; Rueda, O.M.; Chin, S.F.; Dunning, M.J.; Gale, D.; Forshew, T.;
Mahler-Araujo, B.; et al. Analysis of circulating tumor DNA to monitor metastatic breast cancer. N. Engl. J.
Med. 2013, 368, 1199–1209. [CrossRef] [PubMed]

49. Yung, T.K.; Chan, K.C.; Mok, T.S.; Tong, J.; To, K.F.; Lo, Y.M. Single-molecule detection of epidermal growth
factor receptor mutations in plasma by microfluidics digital PCR in non-small cell lung cancer patients.
Clin. Cancer Res. 2009, 15, 2076–2084. [CrossRef] [PubMed]

50. Malapelle, U.; Pisapia, P.; Rocco, D.; Smeraglio, R.; di Spirito, M.; Bellevicine, C.; Troncone, G. Next generation
sequencing techniques in liquid biopsy: Focus on non-small cell lung cancer patients. Transl. Lung Cancer
Res. 2016, 5, 505–510. [CrossRef] [PubMed]

51. Lu, J.L.; Liang, Z.Y. Circulating free DNA in the era of precision oncology: Pre- and post-analytical concerns.
Chronic Dis. Transl. Med. 2016, 2, 223–230. [CrossRef] [PubMed]

52. Pisapia, P.; Pepe, F.; Smeraglio, R.; Russo, M.; Rocco, D.; Sgariglia, R.; Nacchio, M.; De Luca, C.; Vigliar, E.;
Bellevicine, C.; et al. Cell free DNA analysis by SiRe® next generation sequencing panel in non small cell
lung cancer patients: Focus on basal setting. J. Thorac. Dis. 2017, 9, S1383–S1390. [CrossRef] [PubMed]

53. Lodrini, M.; Sprussel, A.; Astrahantseff, K.; Tiburtius, D.; Konschak, R.; Lode, H.N.; Fischer, M.; Keilholz, U.;
Eggert, A.; Deubzer, H.E. Using droplet digital PCR to analyze MYCN and ALK copy number in plasma
from patients with neuroblastoma. Oncotarget 2017, 8, 85234–85251. [CrossRef] [PubMed]

54. Garcia, J.; Dusserre, E.; Cheynet, V.; Bringuier, P.P.; Brengle-Pesce, K.; Wozny, A.S.; Rodriguez-Lafrasse, C.;
Freyer, G.; Brevet, M.; Payen, L.; et al. Evaluation of pre-analytical conditions and comparison of the
performance of several digital PCR assays for the detection of major EGFR mutations in circulating DNA
from non-small cell lung cancers: The CIRCAN_0 study. Oncotarget 2017, 8, 87980–87996. [CrossRef]
[PubMed]

55. Pezzuto, F.; Buonaguro, L.; Buonaguro, F.M.; Tornesello, M.L. Frequency and geographic distribution of
TERT promoter mutations in primary hepatocellular carcinoma. Infect. Agents Cancer 2017, 12, 27. [CrossRef]
[PubMed]

56. Tornesello, M.L.; Buonaguro, L.; Izzo, F.; Buonaguro, F.M. Molecular alterations in hepatocellular carcinoma
associated with hepatitis B and hepatitis C infections. Oncotarget 2016, 7, 25087–25102. [CrossRef] [PubMed]

57. Hung, C.H.; Hu, T.H.; Lu, S.N.; Kuo, F.Y.; Chen, C.H.; Wang, J.H.; Huang, C.M.; Lee, C.M.; Lin, C.Y.; Yen, Y.H.;
et al. Circulating microRNAs as biomarkers for diagnosis of early hepatocellular carcinoma associated with
hepatitis B virus. Int. J. Cancer 2016, 138, 714–720. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cca.2014.10.011
http://www.ncbi.nlm.nih.gov/pubmed/25446878
http://dx.doi.org/10.1073/pnas.1500076112
http://www.ncbi.nlm.nih.gov/pubmed/25646427
http://www.ncbi.nlm.nih.gov/pubmed/12873992
http://dx.doi.org/10.1097/PAT.0b013e328353a24c
http://www.ncbi.nlm.nih.gov/pubmed/28193336
http://dx.doi.org/10.1016/j.canlet.2008.03.021
http://www.ncbi.nlm.nih.gov/pubmed/18395974
http://dx.doi.org/10.1586/14737159.2015.1110021
http://www.ncbi.nlm.nih.gov/pubmed/26559503
http://dx.doi.org/10.1158/1078-0432.CCR-13-2933
http://www.ncbi.nlm.nih.gov/pubmed/24504125
http://dx.doi.org/10.1158/1078-0432.CCR-11-2696
http://www.ncbi.nlm.nih.gov/pubmed/22421194
http://dx.doi.org/10.1056/NEJMoa1213261
http://www.ncbi.nlm.nih.gov/pubmed/23484797
http://dx.doi.org/10.1158/1078-0432.CCR-08-2622
http://www.ncbi.nlm.nih.gov/pubmed/19276259
http://dx.doi.org/10.21037/tlcr.2016.10.08
http://www.ncbi.nlm.nih.gov/pubmed/27826531
http://dx.doi.org/10.1016/j.cdtm.2016.12.001
http://www.ncbi.nlm.nih.gov/pubmed/29063046
http://dx.doi.org/10.21037/jtd.2017.06.97
http://www.ncbi.nlm.nih.gov/pubmed/29184677
http://dx.doi.org/10.18632/oncotarget.19076
http://www.ncbi.nlm.nih.gov/pubmed/29156716
http://dx.doi.org/10.18632/oncotarget.21256
http://www.ncbi.nlm.nih.gov/pubmed/29152135
http://dx.doi.org/10.1186/s13027-017-0138-5
http://www.ncbi.nlm.nih.gov/pubmed/28529542
http://dx.doi.org/10.18632/oncotarget.7837
http://www.ncbi.nlm.nih.gov/pubmed/26943571
http://dx.doi.org/10.1002/ijc.29802
http://www.ncbi.nlm.nih.gov/pubmed/26264553


Int. J. Mol. Sci. 2018, 19, 1007 14 of 17

58. Tornesello, M.L.; Buonaguro, L.; Tatangelo, F.; Botti, G.; Izzo, F.; Buonaguro, F.M. Mutations in TP53, CTNNB1
and PIK3CA genes in hepatocellular carcinoma associated with hepatitis B and hepatitis C virus infections.
Genomics 2013, 102, 74–83. [CrossRef] [PubMed]

59. Jiao, J.; Niu, W.; Wang, Y.; Baggerly, K.A.; Ye, Y.; Wu, X.; Davenport, D.; Almeda, J.L.; Betancourt-Garcia, M.M.;
Forse, R.A.; et al. Prevalence of Aflatoxin-associated TP53R249S mutation in Hepatocellular Carcinoma in
Hispanics in South Texas. Cancer Prev. Res. 2017, 11, 103–112. [CrossRef] [PubMed]

60. Szymanska, K.; Lesi, O.A.; Kirk, G.D.; Sam, O.; Taniere, P.; Scoazec, J.Y.; Mendy, M.; Friesen, M.D.; Whittle, H.;
Montesano, R.; et al. Ser-249TP53 mutation in tumour and plasma DNA of hepatocellular carcinoma patients
from a high incidence area in the Gambia, West Africa. Int. J. Cancer 2004, 110, 374–379. [CrossRef] [PubMed]

61. Huang, A.; Zhao, X.; Yang, X.R.; Li, F.Q.; Zhou, X.L.; Wu, K.; Zhang, X.; Sun, Q.M.; Cao, Y.; Zhu, H.M.;
et al. Circumventing intratumoral heterogeneity to identify potential therapeutic targets in hepatocellular
carcinoma. J. Hepatol. 2017, 67, 293–301. [CrossRef] [PubMed]

62. Cohen, J.D.; Li, L.; Wang, Y.; Thoburn, C.; Afsari, B.; Danilova, L.; Douville, C.; Javed, A.A.; Wong, F.;
Mattox, A.; et al. Detection and localization of surgically resectable cancers with a multi-analyte blood test.
Science 2018. [CrossRef] [PubMed]

63. Cai, Z.X.; Chen, G.; Zeng, Y.Y.; Dong, X.Q.; Lin, M.J.; Huang, X.H.; Zhang, D.; Liu, X.L.; Liu, J.F. Circulating
tumor DNA profiling reveals clonal evolution and real-time disease progression in advanced hepatocellular
carcinoma. Int. J. Cancer 2017, 141, 977–985. [CrossRef] [PubMed]

64. Chen, C.J.; Yang, H.I.; Su, J.; Jen, C.L.; You, S.L.; Lu, S.N.; Huang, G.T.; Iloeje, U.H. Risk of hepatocellular
carcinoma across a biological gradient of serum hepatitis B virus DNA level. JAMA 2006, 295, 65–73.
[CrossRef] [PubMed]

65. Su, Y.W.; Huang, Y.W.; Chen, S.H.; Tzen, C.Y. Quantitative analysis of plasma HBV DNA for early evaluation
of the response to transcatheter arterial embolization for HBV-related hepatocellular carcinoma. World J.
Gastroenterol. 2005, 11, 6193–6196. [CrossRef] [PubMed]

66. Barros, S.P.; Offenbacher, S. Epigenetics: Connecting environment and genotype to phenotype and disease.
J. Dent. Res. 2009, 88, 400–408. [CrossRef] [PubMed]

67. Schagdarsurengin, U.; Wilkens, L.; Steinemann, D.; Flemming, P.; Kreipe, H.H.; Pfeifer, G.P.; Schlegelberger, B.;
Dammann, R. Frequent epigenetic inactivation of the RASSF1A gene in hepatocellular carcinoma. Oncogene
2003, 22, 1866–1871. [CrossRef] [PubMed]

68. Rongrui, L.; Na, H.; Zongfang, L.; Fanpu, J.; Shiwen, J. Epigenetic mechanism involved in the HBV/HCV-related
hepatocellular carcinoma tumorigenesis. Curr. Pharm. Des. 2014, 20, 1715–1725. [CrossRef] [PubMed]

69. Iyer, P.; Zekri, A.R.; Hung, C.W.; 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]

70. Wu, H.C.; Yang, H.I.; Wang, Q.; Chen, C.J.; Santella, R.M. Plasma DNA methylation marker and
hepatocellular carcinoma risk prediction model for the general population. Carcinogenesis 2017, 38, 1021–1028.
[CrossRef] [PubMed]

71. Lambert, M.P.; Paliwal, A.; Vaissiere, T.; Chemin, I.; Zoulim, F.; Tommasino, M.; Hainaut, P.; Sylla, B.;
Scoazec, J.Y.; Tost, J.; et al. Aberrant DNA methylation distinguishes hepatocellular carcinoma associated
with HBV and HCV infection and alcohol intake. J. Hepatol. 2011, 54, 705–715. [CrossRef] [PubMed]

72. Gurioli, G.; Martignano, F.; Salvi, S.; Costantini, M.; Gunelli, R.; Casadio, V. GSTP1 methylation in cancer:
A liquid biopsy biomarker? Clin. Chem. Lab. Med. 2018. [CrossRef] [PubMed]

73. Qu, Z.; Jiang, Y.; Li, H.; Yu, D.C.; Ding, Y.T. Detecting abnormal methylation of tumor suppressor genes
GSTP1, P16, RIZ1, and RASSF1A in hepatocellular carcinoma and its clinical significance. Oncol. Lett. 2015,
10, 2553–2558. [CrossRef] [PubMed]

74. Liu, M.; Cui, L.H.; Li, C.C.; Zhang, L. Association of APC, GSTP1 and SOCS1 promoter methylation with
the risk of hepatocellular carcinoma: A meta-analysis. Eur. J. Cancer Prev. 2015, 24, 470–483. [CrossRef]
[PubMed]

75. Yamada, N.; Yasui, K.; Dohi, O.; Gen, Y.; Tomie, A.; Kitaichi, T.; Iwai, N.; Mitsuyoshi, H.; Sumida, Y.;
Moriguchi, M.; et al. Genome-wide DNA methylation analysis in hepatocellular carcinoma. Oncol. Rep. 2016,
35, 2228–2236. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ygeno.2013.04.001
http://www.ncbi.nlm.nih.gov/pubmed/23583669
http://dx.doi.org/10.1158/1940-6207.CAPR-17-0235-AT
http://www.ncbi.nlm.nih.gov/pubmed/29089331
http://dx.doi.org/10.1002/ijc.20103
http://www.ncbi.nlm.nih.gov/pubmed/15095302
http://dx.doi.org/10.1016/j.jhep.2017.03.005
http://www.ncbi.nlm.nih.gov/pubmed/28323123
http://dx.doi.org/10.1126/science.aar3247
http://www.ncbi.nlm.nih.gov/pubmed/29348365
http://dx.doi.org/10.1002/ijc.30798
http://www.ncbi.nlm.nih.gov/pubmed/28543104
http://dx.doi.org/10.1001/jama.295.1.65
http://www.ncbi.nlm.nih.gov/pubmed/16391218
http://dx.doi.org/10.3748/wjg.v11.i39.6193
http://www.ncbi.nlm.nih.gov/pubmed/16273649
http://dx.doi.org/10.1177/0022034509335868
http://www.ncbi.nlm.nih.gov/pubmed/19493882
http://dx.doi.org/10.1038/sj.onc.1206338
http://www.ncbi.nlm.nih.gov/pubmed/12660822
http://dx.doi.org/10.2174/13816128113199990533
http://www.ncbi.nlm.nih.gov/pubmed/23888939
http://dx.doi.org/10.1016/j.yexmp.2009.09.012
http://www.ncbi.nlm.nih.gov/pubmed/19818350
http://dx.doi.org/10.1093/carcin/bgx078
http://www.ncbi.nlm.nih.gov/pubmed/28981677
http://dx.doi.org/10.1016/j.jhep.2010.07.027
http://www.ncbi.nlm.nih.gov/pubmed/21146512
http://dx.doi.org/10.1515/cclm-2017-0703
http://www.ncbi.nlm.nih.gov/pubmed/29305565
http://dx.doi.org/10.3892/ol.2015.3536
http://www.ncbi.nlm.nih.gov/pubmed/26622888
http://dx.doi.org/10.1097/CEJ.0000000000000121
http://www.ncbi.nlm.nih.gov/pubmed/25853848
http://dx.doi.org/10.3892/or.2016.4619
http://www.ncbi.nlm.nih.gov/pubmed/26883180


Int. J. Mol. Sci. 2018, 19, 1007 15 of 17

76. Holmila, R.; Sklias, A.; Muller, D.C.; Degli, E.D.; Guilloreau, P.; Mckay, J.; Sangrajrang, S.; Srivatanakul, P.;
Hainaut, P.; Merle, P.; et al. Targeted deep sequencing of plasma circulating cell-free DNA reveals Vimentin
and Fibulin 1 as potential epigenetic biomarkers for hepatocellular carcinoma. PLoS ONE 2017, 12, e0174265.
[CrossRef] [PubMed]

77. Zhou, J.; Shi, Y.H.; Fan, J. Circulating cell-free nucleic acids: Promising biomarkers of hepatocellular
carcinoma. Semin. Oncol. 2012, 39, 440–448. [CrossRef] [PubMed]

78. Ramzy, I.I.; Omran, D.A.; Hamad, O.; Shaker, O.; Abboud, A. Evaluation of serum LINE-1 hypomethylation
as a prognostic marker for hepatocellular carcinoma. Arab J. Gastroenterol. 2011, 12, 139–142. [CrossRef]
[PubMed]

79. Tangkijvanich, P.; Hourpai, N.; Rattanatanyong, P.; Wisedopas, N.; Mahachai, V.; Mutirangura, A. Serum
LINE-1 hypomethylation as a potential prognostic marker for hepatocellular carcinoma. Clin. Chim. Acta
2007, 379, 127–133. [CrossRef] [PubMed]

80. Nawroz, H.; Koch, W.; Anker, P.; Stroun, M.; Sidransky, D. Microsatellite alterations in serum DNA of head
and neck cancer patients. Nat. Med. 1996, 2, 1035–1037. [CrossRef] [PubMed]

81. Zhang, L.H.; Qin, L.X.; Ma, Z.C.; Ye, S.L.; Liu, Y.K.; Ye, Q.H.; Wu, X.; Huang, W.; Tang, Z.Y. Allelic imbalance
regions on chromosomes 8p, 17p and 19p related to metastasis of hepatocellular carcinoma: Comparison
between matched primary and metastatic lesions in 22 patients by genome-wide microsatellite analysis.
J. Cancer Res. Clin. Oncol. 2003, 129, 279–286. [PubMed]

82. Ren, N.; Qin, L.X.; Tu, H.; Liu, Y.K.; Zhang, B.H.; Tang, Z.Y. The prognostic value of circulating plasma DNA
level and its allelic imbalance on chromosome 8p in patients with hepatocellular carcinoma. J. Cancer Res.
Clin. Oncol. 2006, 132, 399–407. [CrossRef] [PubMed]

83. Pang, J.Z.; Qin, L.X.; Ren, N.; Ye, Q.H.; Ying, W.D.; Liu, Y.K.; Tang, Z.Y. Microsatellite alterations of circulating
DNA in the plasma of patients with hepatocellular carcinoma. Zhonghua Yi Xue Za Zhi 2006, 86, 1662–1665.
[PubMed]

84. Chang, Y.C.; Ho, C.L.; Chen, H.H.; Chang, T.T.; Lai, W.W.; Dai, Y.C.; Lee, W.Y.; Chow, N.H. Molecular
diagnosis of primary liver cancer by microsatellite DNA analysis in the serum. Br. J. Cancer 2002, 87,
1449–1453. [CrossRef] [PubMed]

85. Romano, G.; Veneziano, D.; Acunzo, M.; Croce, C.M. Small non-coding RNA and cancer. Carcinogenesis 2017,
38, 485–491. [CrossRef] [PubMed]

86. Ge, W.; Yu, D.C.; Li, Q.G.; Chen, X.; Zhang, C.Y.; Ding, Y.T. Expression of serum miR-16, let-7f, and miR-21
in patients with hepatocellular carcinoma and their clinical significances. Clin. Lab. 2014, 60, 427–434.
[CrossRef] [PubMed]

87. Giray, B.G.; Emekdas, G.; Tezcan, S.; Ulger, M.; Serin, M.S.; Sezgin, O.; Altintas, E.; Tiftik, E.N. Profiles of
serum microRNAs; miR-125b-5p and miR223-3p serve as novel biomarkers for HBV-positive hepatocellular
carcinoma. Mol. Biol. Rep. 2014, 41, 4513–4519. [CrossRef] [PubMed]

88. Zheng, J.; Zhou, Z.; Xu, Z.; Li, G.; Dong, P.; Chen, Z.; Lin, D.; Chen, B.; Yu, F. Serum microRNA-125a-5p, a
useful biomarker in liver diseases, correlates with disease progression. Mol. Med. Rep. 2015, 12, 1584–1590.
[CrossRef] [PubMed]

89. Zekri, A.N.; Youssef, A.S.; El-Desouky, E.D.; Ahmed, O.S.; Lotfy, M.M.; Nassar, A.A.; Bahnassey, A.A. Serum
microRNA panels as potential biomarkers for early detection of hepatocellular carcinoma on top of HCV
infection. Tumour. Biol. 2016, 37, 12273–12286. [CrossRef] [PubMed]

90. Qu, K.Z.; Zhang, K.; Li, H.; Afdhal, N.H.; Albitar, M. Circulating microRNAs as biomarkers for hepatocellular
carcinoma. J. Clin. Gastroenterol. 2011, 45, 355–360. [CrossRef] [PubMed]

91. Okajima, W.; Komatsu, S.; Ichikawa, D.; Miyamae, M.; Kawaguchi, T.; Hirajima, S.; Ohashi, T.; Imamura, T.;
Kiuchi, J.; Arita, T.; et al. Circulating microRNA profiles in plasma: Identification of miR-224 as a novel
diagnostic biomarker in hepatocellular carcinoma independent of hepatic function. Oncotarget 2016, 7,
53820–53836. [CrossRef] [PubMed]

92. Yamamoto, Y.; Kosaka, N.; Tanaka, M.; Koizumi, F.; Kanai, Y.; Mizutani, T.; Murakami, Y.; Kuroda, M.;
Miyajima, A.; Kato, T.; et al. MicroRNA-500 as a potential diagnostic marker for hepatocellular carcinoma.
Biomarkers 2009, 14, 529–538. [CrossRef] [PubMed]

93. Zhuang, C.; Jiang, W.; Huang, D.; Xu, L.; Yang, Q.; Zheng, L.; Wang, X.; Hu, L. Serum miR-21, miR-26a and
miR-101 as potential biomarkers of hepatocellular carcinoma. Clin. Res. Hepatol. Gastroenterol. 2016, 40,
386–396. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0174265
http://www.ncbi.nlm.nih.gov/pubmed/28333958
http://dx.doi.org/10.1053/j.seminoncol.2012.05.013
http://www.ncbi.nlm.nih.gov/pubmed/22846861
http://dx.doi.org/10.1016/j.ajg.2011.07.002
http://www.ncbi.nlm.nih.gov/pubmed/22055592
http://dx.doi.org/10.1016/j.cca.2006.12.029
http://www.ncbi.nlm.nih.gov/pubmed/17303099
http://dx.doi.org/10.1038/nm0996-1035
http://www.ncbi.nlm.nih.gov/pubmed/8782464
http://www.ncbi.nlm.nih.gov/pubmed/12734753
http://dx.doi.org/10.1007/s00432-005-0049-5
http://www.ncbi.nlm.nih.gov/pubmed/16502316
http://www.ncbi.nlm.nih.gov/pubmed/16854315
http://dx.doi.org/10.1038/sj.bjc.6600649
http://www.ncbi.nlm.nih.gov/pubmed/12454776
http://dx.doi.org/10.1093/carcin/bgx026
http://www.ncbi.nlm.nih.gov/pubmed/28449079
http://dx.doi.org/10.7754/Clin.Lab.2013.130133
http://www.ncbi.nlm.nih.gov/pubmed/24697119
http://dx.doi.org/10.1007/s11033-014-3322-3
http://www.ncbi.nlm.nih.gov/pubmed/24595450
http://dx.doi.org/10.3892/mmr.2015.3546
http://www.ncbi.nlm.nih.gov/pubmed/25815788
http://dx.doi.org/10.1007/s13277-016-5097-8
http://www.ncbi.nlm.nih.gov/pubmed/27271989
http://dx.doi.org/10.1097/MCG.0b013e3181f18ac2
http://www.ncbi.nlm.nih.gov/pubmed/21278583
http://dx.doi.org/10.18632/oncotarget.10781
http://www.ncbi.nlm.nih.gov/pubmed/27462777
http://dx.doi.org/10.3109/13547500903150771
http://www.ncbi.nlm.nih.gov/pubmed/19863192
http://dx.doi.org/10.1016/j.clinre.2015.11.002
http://www.ncbi.nlm.nih.gov/pubmed/26669589


Int. J. Mol. Sci. 2018, 19, 1007 16 of 17

94. Zhou, L.; Yang, Z.X.; Song, W.J.; Li, Q.J.; Yang, F.; Wang, D.S.; Zhang, N.; Dou, K.F. MicroRNA-21 regulates
the migration and invasion of a stem-like population in hepatocellular carcinoma. Int. J. Oncol. 2013, 43,
661–669. [CrossRef] [PubMed]

95. Amr, K.S.; Ezzat, W.M.; Elhosary, Y.A.; Hegazy, A.E.; Fahim, H.H.; Kamel, R.R. The potential role of miRNAs
21 and 199-a in early diagnosis of hepatocellular carcinoma. Gene 2016, 575, 66–70. [CrossRef] [PubMed]

96. Ding, Y.; Yan, J.L.; Fang, A.N.; Zhou, W.F.; 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]

97. Wang, J.; Li, J.; Shen, J.; Wang, C.; Yang, L.; Zhang, X. MicroRNA-182 downregulates metastasis suppressor 1
and contributes to metastasis of hepatocellular carcinoma. BMC Cancer 2012, 12, 227. [CrossRef] [PubMed]

98. Chang, R.M.; Yang, H.; Fang, F.; Xu, J.F.; Yang, L.Y. MicroRNA-331-3p promotes proliferation and metastasis
of hepatocellular carcinoma by targeting PH domain and leucine-rich repeat protein phosphatase. Hepatology
2014, 60, 1251–1263. [CrossRef] [PubMed]

99. Bhattacharya, S.; Steele, R.; Shrivastava, S.; Chakraborty, S.; Di Bisceglie, A.M.; Ray, R.B. Serum miR-30e and
miR-223 as Novel Noninvasive Biomarkers for Hepatocellular Carcinoma. Am. J. Pathol. 2016, 186, 242–247.
[CrossRef] [PubMed]

100. Yin, J.; Hou, P.; Wu, Z.; Wang, T.; Nie, Y. Circulating miR-375 and miR-199a-3p as potential biomarkers for
the diagnosis of hepatocellular carcinoma. Tumour. Biol. 2015, 36, 4501–4507. [CrossRef] [PubMed]

101. Zhan, M.; Li, Y.; Hu, B.; He, X.; Huang, J.; Zhao, Y.; Fu, S.; Lu, L. Serum microRNA-210 as a predictive
biomarker for treatment response and prognosis in patients with hepatocellular carcinoma undergoing
transarterial chemoembolization. J. Vasc. Interv. Radiol. 2014, 25, 1279–1287. [CrossRef] [PubMed]

102. Wong, C.M.; Tsang, F.H.; Ng, I.O. Non-coding RNAs in hepatocellular carcinoma: Molecular functions and
pathological implications. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 137–151. [CrossRef] [PubMed]

103. Tang, J.; Zhuo, H.; Zhang, X.; Jiang, R.; Ji, J.; Deng, L.; Qian, X.; Zhang, F.; Sun, B. A novel biomarker Linc00974
interacting with KRT19 promotes proliferation and metastasis in hepatocellular carcinoma. Cell Death Dis.
2014, 5, e1549. [CrossRef] [PubMed]

104. Zhou, M.; Zhang, X.Y.; Yu, X. Overexpression of the long non-coding RNA SPRY4-IT1 promotes tumor cell
proliferation and invasion by activating EZH2 in hepatocellular carcinoma. Biomed. Pharmacother. 2017, 85,
348–354. [CrossRef] [PubMed]

105. Jing, W.; Gao, S.; Zhu, M.; Luo, P.; Jing, X.; Chai, H.; Tu, J. Potential diagnostic value of lncRNA SPRY4-IT1 in
hepatocellular carcinoma. Oncol. Rep. 2016, 36, 1085–1092. [CrossRef] [PubMed]

106. Konishi, H.; Ichikawa, D.; Yamamoto, Y.; Arita, T.; Shoda, K.; Hiramoto, H.; Hamada, J.; Itoh, H.; Fujita, Y.;
Komatsu, S.; et al. Plasma level of metastasis-associated lung adenocarcinoma transcript 1 is associated
with liver damage and predicts development of hepatocellular carcinoma. Cancer Sci. 2016, 107, 149–154.
[CrossRef] [PubMed]

107. El-Tawdi, A.H.; Matboli, M.; Shehata, H.H.; Tash, F.; El-Khazragy, N.; Azazy, A.; Abdel-Rahman, O.
Evaluation of Circulatory RNA-Based Biomarker Panel in Hepatocellular Carcinoma. Mol. Diagn. Ther. 2016,
20, 265–277. [CrossRef] [PubMed]

108. Yuan, W.; Sun, Y.; Liu, L.; Zhou, B.; Wang, S.; Gu, D. Circulating LncRNAs Serve as Diagnostic Markers for
Hepatocellular Carcinoma. Cell. Physiol. Biochem. 2017, 44, 125–132. [CrossRef] [PubMed]

109. Lambrecht, J.; Verhulst, S.; Mannaerts, I.; Reynaert, H.; van Grunsven, L.A. Prospects in non-invasive
assessment of liver fibrosis: Liquid biopsy as the future gold standard? Biochim. Biophys. Acta 2018.
[CrossRef] [PubMed]

110. Sato-Kuwabara, Y.; Melo, S.A.; Soares, F.A.; Calin, G.A. The fusion of two worlds: Non-coding RNAs and
extracellular vesicles—Diagnostic and therapeutic implications (Review). Int. J. Oncol. 2015, 46, 17–27.
[CrossRef] [PubMed]

111. Kogure, T.; Yan, I.K.; Lin, W.L.; Patel, T. Extracellular Vesicle-Mediated Transfer of a Novel Long Noncoding
RNA TUC339: A Mechanism of Intercellular Signaling in Human Hepatocellular Cancer. Genes Cancer 2013,
4, 261–272. [CrossRef] [PubMed]

112. Julich-Haertel, H.; Urban, S.K.; Krawczyk, M.; Willms, A.; Jankowski, K.; Patkowski, W.; Kruk, B.;
Krasnodebski, M.; Ligocka, J.; Schwab, R.; et al. Cancer-associated circulating large extracellular vesicles in
cholangiocarcinoma and hepatocellular carcinoma. J. Hepatol. 2017, 67, 282–292. [CrossRef] [PubMed]

http://dx.doi.org/10.3892/ijo.2013.1965
http://www.ncbi.nlm.nih.gov/pubmed/23708209
http://dx.doi.org/10.1016/j.gene.2015.08.038
http://www.ncbi.nlm.nih.gov/pubmed/26302751
http://dx.doi.org/10.18632/oncotarget.18949
http://www.ncbi.nlm.nih.gov/pubmed/29029522
http://dx.doi.org/10.1186/1471-2407-12-227
http://www.ncbi.nlm.nih.gov/pubmed/22681717
http://dx.doi.org/10.1002/hep.27221
http://www.ncbi.nlm.nih.gov/pubmed/24825302
http://dx.doi.org/10.1016/j.ajpath.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26776075
http://dx.doi.org/10.1007/s13277-015-3092-0
http://www.ncbi.nlm.nih.gov/pubmed/25618599
http://dx.doi.org/10.1016/j.jvir.2014.04.013
http://www.ncbi.nlm.nih.gov/pubmed/24935355
http://dx.doi.org/10.1038/nrgastro.2017.169
http://www.ncbi.nlm.nih.gov/pubmed/29317776
http://dx.doi.org/10.1038/cddis.2014.518
http://www.ncbi.nlm.nih.gov/pubmed/25476897
http://dx.doi.org/10.1016/j.biopha.2016.11.035
http://www.ncbi.nlm.nih.gov/pubmed/27899259
http://dx.doi.org/10.3892/or.2016.4859
http://www.ncbi.nlm.nih.gov/pubmed/27278245
http://dx.doi.org/10.1111/cas.12854
http://www.ncbi.nlm.nih.gov/pubmed/26614531
http://dx.doi.org/10.1007/s40291-016-0200-9
http://www.ncbi.nlm.nih.gov/pubmed/27113935
http://dx.doi.org/10.1159/000484589
http://www.ncbi.nlm.nih.gov/pubmed/29130980
http://dx.doi.org/10.1016/j.bbadis.2018.01.009
http://www.ncbi.nlm.nih.gov/pubmed/29329986
http://dx.doi.org/10.3892/ijo.2014.2712
http://www.ncbi.nlm.nih.gov/pubmed/25338714
http://dx.doi.org/10.1177/1947601913499020
http://www.ncbi.nlm.nih.gov/pubmed/24167654
http://dx.doi.org/10.1016/j.jhep.2017.02.024
http://www.ncbi.nlm.nih.gov/pubmed/28267620


Int. J. Mol. Sci. 2018, 19, 1007 17 of 17

113. Kornek, M.; Lynch, M.; Mehta, S.H.; Lai, M.; Exley, M.; Afdhal, N.H.; Schuppan, D. Circulating microparticles
as disease-specific biomarkers of severity of inflammation in patients with hepatitis C or nonalcoholic
steatohepatitis. Gastroenterology 2012, 143, 448–458. [CrossRef] [PubMed]

114. Rautou, P.E.; Bresson, J.; Sainte-Marie, Y.; Vion, A.C.; Paradis, V.; Renard, J.M.; Devue, C.; Heymes, C.;
Letteron, P.; Elkrief, L.; et al. Abnormal plasma microparticles impair vasoconstrictor responses in patients
with cirrhosis. Gastroenterology 2012, 143, 166–176. [CrossRef] [PubMed]

115. Pan, J.H.; Zhou, H.; Zhao, X.X.; Ding, H.; Li, W.; Qin, L.; Pan, Y.L. Role of exosomes and exosomal microRNAs
in hepatocellular carcinoma: Potential in diagnosis and antitumour treatments (Review). Int. J. Mol. Med.
2018, 41, 1809–1816. [CrossRef] [PubMed]

116. Kogure, T.; Lin, W.L.; Yan, I.K.; Braconi, C.; Patel, T. Intercellular nanovesicle-mediated microRNA transfer:
A mechanism of environmental modulation of hepatocellular cancer cell growth. Hepatology 2011, 54,
1237–1248. [CrossRef] [PubMed]

117. Wei, J.X.; Lv, L.H.; Wan, Y.L.; Cao, Y.; Li, G.L.; Lin, H.M.; Zhou, R.; Shang, C.Z.; Cao, J.; He, H.; et al. Vps4A
functions as a tumor suppressor by regulating the secretion and uptake of exosomal microRNAs in human
hepatoma cells. Hepatology 2015, 61, 1284–1294. [CrossRef] [PubMed]

118. Lou, G.; Song, X.; Yang, F.; Wu, S.; Wang, J.; Chen, Z.; Liu, Y. Exosomes derived from miR-122-modified
adipose tissue-derived MSCs increase chemosensitivity of hepatocellular carcinoma. J. Hematol. Oncol. 2015,
8, 122. [CrossRef] [PubMed]

119. Sugimachi, K.; Matsumura, T.; Hirata, H.; Uchi, R.; Ueda, M.; Ueo, H.; Shinden, Y.; Iguchi, T.; Eguchi, H.;
Shirabe, K.; et al. Identification of a bona fide microRNA biomarker in serum exosomes that predicts
hepatocellular carcinoma recurrence after liver transplantation. Br. J. Cancer 2015, 112, 532–538. [CrossRef]
[PubMed]

120. Sohn, W.; Kim, J.; Kang, S.H.; Yang, S.R.; Cho, J.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]

121. Shi, M.; Jiang, Y.; Yang, L.; Yan, S.; Wang, Y.G.; Lu, X.J. Decreased levels of serum exosomal miR-638 predict
poor prognosis in hepatocellular carcinoma. J. Cell. Biochem. 2017. [CrossRef] [PubMed]

122. Wang, H.; Hou, L.; Li, A.; Duan, Y.; Gao, H.; Song, X. Expression of serum exosomal microRNA-21 in human
hepatocellular carcinoma. Biomed. Res. Int. 2014, 2014. [CrossRef] [PubMed]

123. Qu, Z.; Wu, J.; Wu, J.; Ji, A.; Qiang, G.; Jiang, Y.; Jiang, C.; Ding, Y. Exosomal miR-665 as a novel minimally
invasive biomarker for hepatocellular carcinoma diagnosis and prognosis. Oncotarget 2017, 8, 80666–80678.
[CrossRef] [PubMed]

124. Fornari, F.; Ferracin, M.; Trere, D.; Milazzo, M.; Marinelli, S.; Galassi, M.; Venerandi, L.; Pollutri, D.; Patrizi, C.;
Borghi, A.; et al. Circulating microRNAs, miR-939, miR-595, miR-519d and miR-494, Identify Cirrhotic
Patients with HCC. PLoS ONE 2015, 10, e0141448. [CrossRef] [PubMed]

125. Xiong, L.; Zhen, S.; Yu, Q.; Gong, Z. HCV-E2 inhibits hepatocellular carcinoma metastasis by stimulating
mast cells to secrete exosomal shuttle microRNAs. Oncol. Lett. 2017, 14, 2141–2146. [CrossRef] [PubMed]

126. Aucher, A.; Rudnicka, D.; Davis, D.M. MicroRNAs transfer from human macrophages to hepato-carcinoma
cells and inhibit proliferation. J. Immunol. 2013, 191, 6250–6260. [CrossRef] [PubMed]

127. Hindson, C.M.; Chevillet, J.R.; Briggs, H.A.; Gallichotte, E.N.; Ruf, I.K.; Hindson, B.J.; Vessella, R.L.; Tewari, M.
Absolute quantification by droplet digital PCR versus analog real-time PCR. Nat. Methods 2013, 10, 1003–1005.
[CrossRef] [PubMed]

128. Pinheiro, L.B.; Coleman, V.A.; Hindson, C.M.; Herrmann, J.; Hindson, B.J.; Bhat, S.; Emslie, K.R. Evaluation
of a droplet digital polymerase chain reaction format for DNA copy number quantification. Anal. Chem.
2012, 84, 1003–1011. [CrossRef] [PubMed]

129. Srivastava, S. Cancer biomarker discovery and development in gastrointestinal cancers: Early detection
research network—A collaborative approach. Gastrointest. Cancer Res. 2007, 1, S60–S63. [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/10.1053/j.gastro.2012.04.031
http://www.ncbi.nlm.nih.gov/pubmed/22537612
http://dx.doi.org/10.1053/j.gastro.2012.03.040
http://www.ncbi.nlm.nih.gov/pubmed/22465620
http://dx.doi.org/10.3892/ijmm.2018.3383
http://www.ncbi.nlm.nih.gov/pubmed/29328436
http://dx.doi.org/10.1002/hep.24504
http://www.ncbi.nlm.nih.gov/pubmed/21721029
http://dx.doi.org/10.1002/hep.27660
http://www.ncbi.nlm.nih.gov/pubmed/25503676
http://dx.doi.org/10.1186/s13045-015-0220-7
http://www.ncbi.nlm.nih.gov/pubmed/26514126
http://dx.doi.org/10.1038/bjc.2014.621
http://www.ncbi.nlm.nih.gov/pubmed/25584485
http://dx.doi.org/10.1038/emm.2015.68
http://www.ncbi.nlm.nih.gov/pubmed/26380927
http://dx.doi.org/10.1002/jcb.26650
http://www.ncbi.nlm.nih.gov/pubmed/29278659
http://dx.doi.org/10.1155/2014/864894
http://www.ncbi.nlm.nih.gov/pubmed/24963487
http://dx.doi.org/10.18632/oncotarget.20881
http://www.ncbi.nlm.nih.gov/pubmed/29113334
http://dx.doi.org/10.1371/journal.pone.0141448
http://www.ncbi.nlm.nih.gov/pubmed/26509672
http://dx.doi.org/10.3892/ol.2017.6433
http://www.ncbi.nlm.nih.gov/pubmed/28781655
http://dx.doi.org/10.4049/jimmunol.1301728
http://www.ncbi.nlm.nih.gov/pubmed/24227773
http://dx.doi.org/10.1038/nmeth.2633
http://www.ncbi.nlm.nih.gov/pubmed/23995387
http://dx.doi.org/10.1021/ac202578x
http://www.ncbi.nlm.nih.gov/pubmed/22122760
http://www.ncbi.nlm.nih.gov/pubmed/19360150
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Circulating Free DNA 
	DNA Methylation 
	Microsatellite Instability 
	Circulating MicroRNAs 
	Long Non-Coding RNA 
	Extracellular Vesicles 
	Conclusions 
	References

