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Abstract

As one of the most common malignant tumors worldwide, hepatocellular carcinoma (HCC) is known for
its poor prognosis due to diagnosis only in advanced stages. Nearly 50% of the patients with the first
diagnosis of HCC die within a year. Currently, the advancements in the integration of omics information
have begun to transform the clinical management of cancer patients. Molecular profiling for HCC patients
is in general obtained from resected tumor materials or biopsies. However, the resected tumor tissue is
limited and can only be obtained through surgery, so that dynamic monitoring of patients cannot be
performed. Compared to invasive procedures, circulating tumor DNA (ctDNA) has been proposed as an
alternative source to perform molecular profiling of tumor DNA in cancer patients. The detection of
abnormal forms of circulating cell-free DNA (cfDNA) that originate from cancer cells (ctDNA) provides
a novel tool for cancer detection and disease monitoring. This may also be an opportunity to optimize the
early diagnosis of HCC. In this review, we summarized the updated methods, materials, storage of
sampling, detection techniques for ctDNA and the comparison of the applications among different
biomarkers in HCC patients. In particular, we analyzed ctDNA studies dealing with copy number
variations, gene integrity, mutations (RAS, TERT, CTNNBI, TP53 and so on), DNA methylation
alterations (DBX2, THY1, TGRS and so on) for the potential utility of ctDNA in the diagnosis and
management of HCC. The biological functions and correlated signaling pathways of ctDNA associated
genes (including MAPK/RAS pathway, p53 signaling pathway and Wnt-B catenin pathway) are also
discussed and highlighted. Thus, exploration of ctDNA/cfDNA as potential biomarkers may provide a
great opportunity in future liquid biopsy applications for HCC.

Key words: circulating tumor DNA; cell-free DNA; liquid biopsy; biomarker, hepatocellular carcinoma, liver
cancer

Introduction

Hepatocellular carcinoma (HCC) is one of the therapeutic options: liver transplantation, liver

most lethal cancers worldwide with progressive
accumulation and poor prognosis. Early diagnosis is
crucial in HCC because it provides multiple curative

resection or microwave ablation, in addition, survival
could also be prolonged by transarterial
chemoembolization (TACE), systemic therapy with
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tyrosine kinase inhibitor and selective internal
radiation therapy (SIRT) [1]. Patients with different
stages of HCC show huge differences in prognosis. At
early stage(I) patients with HCC compared to patients
in advanced stage (III) shows a significant improved
5-year survival rate with 59% compared to 29% [2].
Unfortunately, HCC is asymptomatic at an early
stage, and the majority of HCC is detected in the
palliative stage. Therefore, the early diagnosis of HCC
can only rely on modern medical technology. At
present, the clinical practice includes radiological
screening and monitoring for patients with defined
risk factors (liver cirrhosis, viral or chronic hepatitis,
NAFLD, etc.) in combination with AFP measurement.
AFP is one of the most widely used tumor markers for
HCC. With a low sensitivity of 62.4% and a cut-off
value of 20 ng/ml, AFP is not sensitive and accurate
enough for early detection and may reveal
false-negative results [3,4]. Imaging techniques
including (CT, MRI or CEUS) had improved the
sensitivity from 66% to 82% and the specificity to
more than 90% merely for detecting nodules with at
least 1cm diameter [5].

Liquid biopsy could be a future alternative
strategy. In cancer research, it has developed rapidly
as a diagnostic and monitoring tool, which can be
easily collected and analyzed in non-solid biological
tissue. The term “liquid biopsy” encompasses
circulating tumor DNA (ctDNA)/cell-free DNA
(cfDNA), circulating tumor cells (CTCs), circulating
miRNAs, and exosomes [6,7]. In this context,
ctDNA/cfDNA is one of the most frequently analyzed
objects.

First reported in human peripheral blood in 1948
by Mandel and Metais [8], cfDNA is found as
double-stranded fragments of approximately 150 to
200 base pairs in length [9], with a half-life of less than
an hour. CfDNA, from myeloid and lymphoid
apoptotic cells, shows low levels in healthy
individuals (averagely 10 to 15 ng per milliliter [10]).
The concentration of ¢fDNA can rise in the blood in
cases of carcinoma, surgery, inflammation and tissue
damage.

Circulating tumor DNA (ctDNA), which merely
refers to fragmented DNA, originates from tumor
cells itself. It represents a part of cfDNA, although
ctDNA has a substantial fluctuant proportion ranging
from <0.1% to >90% in cfDNA [11], it is more specific.
In general, cfDNA levels in the blood are elevated in
patients with carcinoma compared to healthy
individuals. With lots of ctDNA released into the
circulatory system by tumor cell apoptosis or necrosis,
the quantity of ctDNA could reflect tumor burden in
cancer patients. How to detect and analyze ctDNA
from the background of normal cfDNA is a big

challenge in the development of liquid biopsy
applications and should be discussed in this review.

Methods and materials

A systematical search in PubMed for the terms
“liquid biopsy”, “cell-free DNA”, “circulating tumor
DNA” in combination with “liver cancer”,
“hepatocellular carcinoma”, “biomarkers”, including
all papers in English from 2013-2019 has been
performed. To summarize the latest developments,
we elaborate on an overview of ctDNA in HCC with
aspects about storage, detection, clinical application,
biomarkers, gene alterations and the function of the

alternated genes.

Storage and detection methods for cfDNA

The most common source for the extraction of
cfDNA is peripheral blood. CfDNA could also be
detected in other body fluids, including saliva, ascites,
pleural effusion, urine or stool. Currently, it is still
widely discussed, if cfDNA should be extracted from
serum or plasma. Some studies discovered that the
level of cfDNA was higher in serum compared to
plasma [12]; because a part of cfDNA is released
during blood cell lysis in the clotting process in tubes
before centrifugation, which leads to contamination
[13]. Thus, plasma is the preferable biological sample
in most studies.

Due to the short half-life of cfDNA, specialized
approaches are required for storage and extraction.
Plasma should be separated no more than 4-6 hours
by centrifugation in EDTA tubes, which are the
recommended blood collection tubes [14]. The plasma
sample can be isolated from the whole blood by
performing a 2000 x g centrifugation. However, when
the blood has to be stored more than 6h, specialized
cfDNA collection tubes (BCT and CellSave tubes)
with fixatives are better. They can help to keep the
cfDNA quality up to 96h, including high copy
numbers [15]. Temperature is also an essential factor
affecting the quality of cfDNA. Recently, a study for
cfDNA preservation found out that the background of
cfDNA in the blood of the EDTA tube has a rise delay
at 4°C [16]. Storage at low temperature could improve
the quality of blood specimens: the recommended
storage conditions for samples are feezing at -80°C.

Techniques for the detection of cfDNA require
high sensitivity and specificity due to the low cfDNA
concentration and the lower level of ctDNA in the
blood. Then cfDNA can be detected to identify several
common DNA based changes, including copy number
variations (CNV), DNA mutation, gene methylation,
and gene fusions, which is reflecting the status of
DNA in the tumor cells. Different kits extract cfDNA
base on different methods, including silica-based
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columns and magnetic beads. The principles of these
methods are based on the characteristics of cfDNA:
the binding affinity of ¢fDNA molecules could be
enriched by silica column and magnetic enrichment is
for the negatively charged phosphate backbone of
cfDNA [17,18]. Right now the evidence in which
extraction methods are optimal is rare. The evaluation
of extraction efficiency and quality depends on the
kits. Kit extraction may exhibit different extraction
efficacy even using the same method [17].

The detection methods for cfDNA with different
sensitivity and nucleotide coverage can be
summarized as BEAMing [beads, emulsion,
amplification and magnetics] [19], droplet digital PCR
and sequencing methods (Sanger sequencing, next-
generation sequencing [NGS]) [20]. The changing
rules of the sensitivity and nucleotide coverage in
these analyses technology are that the less sensitivity,
the more extended nucleotide coverage, and vice
versa [11], which can be observed clearly in dd PCR
and NGS techniques.

Digital droplet PCR (dd PCR), the third
generation of the PCR technique, is a high-throughput
technique. It provides high precision and sensitivity
(0.01% or less for allele frequencies in cfDNA) [21]. On
the other hand, due to the high sensitivity, ddPCR is
unable to cover a large number of sequences. NGS can
form a gene panel with many sequences from
whole-exome sequencing to targeted sequencing of
cfDNA, which can optimize the limits of detection. In
the research on the same batch of samples with two
detection techniques, ddPCR and NGS have shown
different characteristics. ~With the ascendant
sensitivity, ddPCR revealed a higher detection rate
than NGS (38% and 14%) in somatic mutations of
cfDNA. It also took a precondition that objective
mutation sites must be certainly known in advance. In
other words, NGS is more suitable for primary gene
profiling on multi-gene panels [22].

However, the sensitivity and specificity of the
NGS methods could be constrained by the error rate
of DNA polymerase and sequencing reactions.
Molecular barcoding methods can help to tag the
original template cfDNA with unique nucleotide
barcode and allow correct gene changes to be
accurately identified. In the original research, it is
necessary to make a rational choice for different
methods according to different objectives [23].

Different biomarkers in ctDNA of HCC

Due to the extraordinary amount and variability
of ctDNA in the cfDNA background, it is important to
detect and distinguish effective ctDNA from normal
cfDNA accurately. This turns to be the challenge of
promoting this technology in clinical diagnosis and

treatment. As the fragmented DNA is released from
carcinoma cells, ctDNA carries tumor-specific genetic
information or epigenetic changes, which cannot be
found in normal cfDNA. This helps to distinguish
ctDNA from cfDNA.

The molecular changes that are useful to be
biomarkers of ctDNA must fulfill the following
criteria:

e The biomarkers should be detected in tumor
cells and plasma DNA simultaneously in the
same individual;

e The biomarkers must not be detected in cfDNA
of healthy individuals.

Significant genetic and epigenetic information
alterations in tumors include ctDNA level, CNVs,
gene integrity, gene mutations, DNA methylation
alterations and gene fusions, which can be divided
into quantitative determination and qualitative
alteration. Commonly altered genes may be different
even in the same patient and also cohort depending
on the type of genetic alteration. For example, most
commonly mutant genes are TP53 and CTNNBI,
while the most common amplifications are found in
MET and CCND1 [24].

Currently, many studies in the last five years
have investigated the specific gene changes from HCC
tumor tissues that can also be observed in ctDNA as
potential specific biomarkers: ctDNA level, CNVs,
gene integrity, gene mutations and DNA methylation
alterations (Table 1). The majority of the data are
gathered from Asian cohorts.

CfDNA quantitative determination

CfDNA quantitative determination focuses on
cfDNA level and ctDNA copy numbers variation. The
increase of cfDNA level and copy number in tumor
patients are explained by the raised number of
apoptotic and necrotic carcinoma cells. It has been
proven in liver cancer, oesophageal cancer, breast
cancer, and pancreatic cancer [22,52,53]. Recently, Yan
L et al. clearly showed that the cfDNA concentration
in plasma was significantly higher in HCC patients
compared to patients with liver fibrosis or healthy
individuals [25]. And Xu H et al. also discovered a
more significant CNV score in HCC patient group
than the chronic liver disease group [26].

Gene integrity

Gene integrity analysis is also an efficient way to
distinguish ctDNA from the non-tumoral ¢fDNA in
the plasma of HCC patients, focusing on the size of
ctDNA molecules. Tumor-derived DNA molecules in
plasma have a particular size profile. Jiang P et al. in
2015 illustrated that the size of ctDNA molecules in
peripheral blood of HCC patients was smaller than
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those from healthy individuals. Short DNA molecules
may preferentially carry the tumor-associated gene
aberrations [29]. Furthermore, ctDNA did not
fragment randomly, because a class of ctDNA

Table 1. Different biomarkers of ctDNA for HCC

signatures forming preferred plasma DNA end
coordinates. Thus ctDNA end coordinates could be
served as hallmarks of DNA fragments from tumors
as well [31].

Patients Controls Ethnicity Sample Sample vol. Biomarkers Biomarker Type  Positive Rate (%) Supplement information Ref.
24 62 (HBV) China Plasma 1ml Concentration CfDNA level - - [25]
31 8 (CLD) China Plasma - CNVs & SNVs CNVs - - [26]
34 0 China Plasma - CNV CNVs - CNVs correlating to tumor [27]
burden
151 14 Korea Plasma 1.5ml VEGFA Amplication - - [28]
(HV) & &
CNV CNVs
920 67 (CLD) China Plasma 3-4.8 ml CfDNA size Integrity - - [29]
36 (LC)
32 (HV)
53 16 (OLT) China Plasma 1ml Plasma DNA integrity Integrity - ALU as primer [30]
- - China Plasma 4ml Preferred plasma DNA  Integrity - - [31]
end coordinates
27 0 Asia, Plasma - RAS (KRAS & NRAS); Mutation 44.4 Evaluated for RAS mutational [32]
Europe, TERT Mutation 63.0 status by BEAMing firstly
UsA TP53 Mutation 4811
CTNNB1 Mutation 37.0
66 35 (LC) Italy Plasma 200ul TERT Mutation - - [33]
41 (CLD)
7 0 Europe Plasma 3-6ml TERT Mutation 86 The large tumor was>5 cm [34]
TP53 or metastatic HCC
23 0 CTNNB1 9 The small (largest tumor<5
TSC1 cm), nonmetastatic HCC
RB1
APOB
etal.
66 0 China Plasma 5ml TP53 Mutation 60 - [35]
CTNNTB1 15.7
AXIN1 14.3
ARID1A 14.3
51 10 (LC) UK & Italy Plasma - ARID1A Mutation 11.7 - [36]
CTNNB1 7.8
TP53 7.8
29 0 China Plasma 1.5-1.8ml TP53 Mutation 50 - [37]
ATM 39
ALK 36
NPM1 36
CSFIR 36
KIT 32
ERBB4 32
SMAD4 29
FBXW7 29
PTEN
33 0 China Plasma 5-6ml TP53 Mutation 52-84 - [38]
CTNNB1
AXIN1
JAK1
EPS15
CACNA2D4
206 0 USA Plasma 5-6ml TP53 Mutation & 0.49 (range 0.06 - median mutant allele [24]
EGFR Amplification 55.03%) frequency (% cfDNA)
MET
ARID1A
MYC
NF1
BRAF
ERBB2
26 0 USA Plasma - 5hmC Methylation - - [39]
25 90 (HV) China Plasma 2ml 5hmC Methylation 44 - [40]
1204 392 (CLD or LC)  China Plasma 3-6ml 5hmC Methylation - validation set: area under [41]
958 (HV and BT) curve (AUC)=88.4%
29 32 (HV) USA Plasma 5ml multiple CpG sites Methylation 94.8 - [42]
8 (HBV)
36 38 (HV,LC; CLD) China Serum  2ml RGS10 Methylation 94 - [43]
ST8SIA6
RUNX2
VIM
51 186 (LC) France Plasma 3.5ml SEPT9 Methylation 94.1 Initial Study [44]
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Patients Controls Ethnicity ~Sample Sample vol. Biomarkers Biomarker Type  Positive Rate (%) Supplement information Ref.
47 103 (LC) Germany 85.1 Replication Study
66 43 (CLD) United Serum  1-2ml INK4A Methylation 65 - [45]
States
8 8 (HV) France Plasma 1ml VIM Methylation 2.3 [46]
FBLN1 -
32 38 (HV) France Plasma 1ml VIM Methylation 1.48 Odds ratios [47]
FBLN1 0.89
22 16 (CLD) Thailand ~ Plasma 1ml VIM Methylation 218
28 (HV) FBLN1 0.75
31 27 (HV) China Serum DBX2 Methylation 88 [48]
31 (HBV) THY1 85
160 88 (CLD) China Serum  400ul TGR5 Methylation 48 [49]
45 (HV)
121 37 (CLD) China Serum  400ul MT1M Methylation 84 [50]
31 (HV) MT1G Methylation 70
715 560 (HV) China Plasma 1.5ml BMPRI1A, Methylation 85.7 Diagnostic Panel [51]
PSD, ARHGAP25, KLF3,
PLACS,
ATXNI1,
Chr 8:20,
Chr 6:170,
Chr 6:3,
ATAD2
1049 China Plasma 1.5ml SH3PXD2A, Cl1orf9, Methylation Prognostic prediction Panel

PPFIA1, SERPINB5,
Chr 17:78, NOTCHS3,
GRHL2, TMEMS8B

Different kinds of biomarkers have been used to detect ctDNA from normal cfDNA, including ¢fDNA level, DNA copy number, gene integrity, gene mutations, and DNA

methylation alterations. In the past 5 years of ctDNA biomarker research, DNA methylation has become a research hotspot, followed by genetic mutation.

Gene mutation

The number of somatic mutation sites in ctDNA
reflects tumor burden in most HCC patients and
represents the gene information of the primary cancer
biopsy as well. In European HCC patient cohorts with
large carcinoma (>5cm) or metastasis, at least one
mutation could be detected in 86% of the cases
showing that the genetic information in ctDNA
reflected the condition of the primary tumor [34]. Lim
HY et al. showed further details of gene mutation in
HCC patients: 4.4% mutation for RAS could be
detected by beaming technology. TERT, TP53, and
CTNNB1 mutation could be detected in peripheral
blood of HCC patients with RAS mutations confirmed
by Beaming technology before. The frequencies of
detected mutations of ctDNA corresponded with the
somatic mutations in the hepatocellular carcinoma
were 44% (RAS), 63.0% (TERT), 48.1% (TP53), and
37.0% (CTNNB1) respectively [32]. In Chinese cohorts
with high HBV infection frequency, TP53 had the
highest mutation rate (60.0%). Frequently mutated
genes were CTNNB1 (15.7%), AXIN1 (14.3%), and
ARID1A (14.3%), while TERT mutation was not
included in the target deep sequencing (TDS) in the
original design. In total, 38.6% of HCC patients
carried a mutation gene, which could be a potential
direction for discovering novel therapeutic targets
[35]. Simultaneously, the frequency of common gene
mutations in HCC may vary in different cohorts. For
example, ARID1A was detected as the gene with the
highest mutation rate in ctDNA of HCC patients in
some European cohorts [36] instead of TP53.

General mutation genes (RAS, TERT, CTNNB1,
TP53, AXIN, ARID1A) detected in ctDNA with a high
incidence rate, were also in the top genomic panel
which was determined to be significantly mutated
genes (SMGs). In HCC nodules, the oncogenes-TERT,
CTNNB1, KRAS and NRAS mutations were present
in 39%, 27%, 1% and 1% respectively [54, 55]. Tumor
suppressor genes TP53 (31%) and AXIN1 (8%) were
inactivated by mutation, as well as the chromatin
remodeling genes ARID1A (7%) [55].

These mutant genes in ctDNA are involved in
several major signaling pathways. They play a key
role in the tumorigenesis and progression of HCC
(summarized in Fig. 1), including MAPK/RAS
pathway, Telomere maintenance, p53 signaling
pathway, Wnt-p catenin pathway, and SWI/SNF
complex related pathway [56].

The MAPK/RAS is a ubiquitous signaling
pathway in all eukaryotic cells, which contains a chain
of proteins. It is located downstream of many growth
factors for signal transduction from the cell surface to
the DNA in the cell nucleus. Therefore, MAPK/RAS
pathway plays a fundamental role in the processes of
cell proliferation and survival for many malignant
tumors, including HCC, non-small cell lung cancer,
renal cell carcinoma or melanoma [57]. RAS gene
belongs to oncogenes including KRAS, NRAS, and
HRAS, separately coding KRAS, NRAS, and HRAS
proteins in the RAS family [58]. As a small
molecular-weight GTP-binding protein, the RAS
family is crucial for cell growth control. RAS is an
important molecular signal regulator within this
pathway. Once RAS is active, it interacts with some
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effectors to influence Raf protein kinases. Then the
mitogen-activated protein (MAP) kinase cascade is
activated by Raf, causing ERK activation to control the
cell cycle. At the ends of human chromosomes,
telomerase is the cap for protection and could
lengthen cell longevity. Telomerase reverse
transcriptase (TERT; or hTERT) is a catalytic subunit
of the telomerase complex and has dominant roles for
telomerase activity. Telomerase is inactivated in most
somatic cells and it will be reactivated only in
proliferative cells and most cancer cells, including
liver cancer cells. The TERT expression in cancer cell
survival can be upregulated in HCC, especially in
patients with hepatitis C virus infection [54].
Currently, TERT can be a gatekeeper in the whole
process from chronic hepatitis to HCC. In liver
cirrhotic tissues, TERT promoter mutation has been
able to identify in dysplastic nodules [59]. Tumor
protein p53 (TP53), also called p53, is classified as a
tumor suppressor gene. In humans, TP53 is an
adapter in the DNA repair protein and can facilitate
damaged DNA repair by checkpoint arrest in the cell
cycle. Mutations in the TP53 signaling pathway are
widespread in all kinds of tumors, including HCC.
Common viruses and chemicals etiologic factors of
HCC can prime TP53 mutations, including infection
with HBV and HCV, exposure particularly aflatoxin B
and chronic inflammation [60]. TP53 mutation causes
DNA damage repair to be hindered, leading tumor
suppression is compromised and “gain function” in
HCC cells, including uncontrolled proliferation, drug
resistance, and cancer cell migration. TP53 mutation
of ctDNA has a high detection rate in HCC
notwithstanding that, the evidence for TP53 mutation
in HCC ctDNA as tissue-specific is rare, because of the
prevalence in multiple malignant tumors. The Wnt
signaling pathway is an important cascade that
contains a series of signal transducer factors for signal
delivery. With the effect of stemness and
development regulation, Wnt is one of the most
frequently activated pathways associated with HCC
progression [61]. The oncogene p-catenin (CTNNB1)
and the tumor suppressor Axin play a crucial role in
the Wnt signaling pathway. In canonical Wnt
signaling with gene transcription regulation,
transcriptional co-activator CTNNB1 will help to
stimulate gene expression, causing cell proliferation,
anti-apoptosis and angiogenesis [62]. Furthermore,
CTNNBI can cooperate with TERT to induce liver cell
transformation. The tumor suppressors gene Axin is a
scaffolding protein, which has been proved to be a
negative regulator of the Wnt pathway a long time
ago. However, there has been a study showed Axin
mutation may be independent of Wnt/p-catenin
pathway in some HCC paitents [63]. It is not accurate

enough to classify liver tumors with activating
CTNNBI1 mutation and inactivating Axin mutation
into the “Wnt/p-catenin” group at the same time.
ARID1A is a key subunit in SWI/SNF complex
(Switch/Sucrose Non-Fermentable) for chromatin-
remodeling, and the ARID1A gene also mutated
frequently in liver carcinoma patients. SWI/SNF
complex contains two large subclasses: BAF and
PBAF. The BAF subunit ARID1A may take the highest
mutation rate among other SWI/SNF components. As
a tumor suppressor gene, ARIDIA has been
confirmed to restrain cell proliferation. On the other
US-Data show that the expression levels of ARID1A
are negatively correlated with survival level in
patients with HCC. This may indicate a dual role of
the ARIDIA gene in tumorigenicity and cancer
suppression for different temporal and cellular
background in HCC [64].

Gene methylation alterations

Mammalian DNA methylation alterations at the
5-position of cytosine (5 mC), a vital epigenetic
regulator of gene expression profile occur in CpG sites
(cytosine-phosphate-guanine sites). It usually leads to
alternations in DNA conformation, chromatin
structure, and DNA protein interactions. DNA
methylation causes gene silencing and genome
imprinting. As DNA epigenetic modification that has
been linked to DNA regulation and carcinoma
pathogenesis, it could appear in the early stage of
tumor development. Therefore, DNA methylation is a
biomarker in various human cancer types. Currently,
the elevation of methylation hallmarks from ctDNA in
the plasma is one of the most extensively investigated
fields in liquid biopsy in HCC. In the last 5 years,
nearly 50% of the studies about biomarkers in HCC
focus on gene methylation. Studies on methylation
biomarkers in ctDNA can be divided into three
categories: methylation sites quantity, methylation
site expression and 5-hydroxymethylcytosine (5 hmC)
detection.

A method, called ‘CancerDetector’ was used to
probabilistically model the joint methylation states of
multiple adjacent CpG sites on an individual
sequencing read, in order to exploit the pervasive
nature of DNA methylation generated for signal
amplification. This could detect methylation sites
sensitively and further identify cancer at an early
stage [42].

Besides the amount of multiple CpG and 5hmC,
a large number of independent hypermethylated gene
sites in ctDNA from HCC patients were identified,
such as DBX2, THY1, TGR5, MT1M, MT1G, INK4A,
VIM, FBLN1, RGS10, ST8SIA6, RUNX, and SEPTO.
DBX2 and THY1 methylation sites were proved to be
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Figure 1. Main mutation pathways and functions in HCC development. MAPK/RAS pathway(marked with yellow), TERT mutation(marked with blue), p53 signaling
pathway(marked with green), Wnt-f3 catenin pathway(marked with gray), and SWI/SNF complex related pathway(marked with light red) are the common centralized signaling
pathways. They affect tumorigenesis and progression of hepatocellular carcinoma, involving several common oncogenes and tumor suppressors. Corresponding functions
include proliferation, immortalization, genomic stability, cell differentiation and survival. The mutation genes detected in ctDNA show significant roles in pathways (Red box).

detectable in ctDNA by Infinium Human Methylation
450 BeadChip in early-stage HCC patients [48]. Han
LY et al. discovered the value of DNA methylation at
G-protein-coupled bile acid receptor Gpbarl (TGR5)
in ctDNA as a biomarker for HCC patients with
chronic hepatitis B (CHB) [49]. MT1IM and MT1G
methylation were detected in HCC patients” serum
with a significantly higher frequency compared to
patients with CHB or the healthy control group [50].
Occurring early in liver tumor progression with
higher levels in HCC patients, INK4A promoter
hyper-methylation also showed the potential as a
biomarker [45].

VIM methylated gene repeatedly appeared as
the research focus in several studies, manifesting its
significance as a biomarker for ctDNA in HCC. Wen L
et al. showed that four hypermethylated CpG islands
(RGS10, ST8SIA6, RUNX2 and VIM) could be detected
in blood and HCC tissue; simultaneously from dozens
of high-performance markers of HCC by MCTA-Seq
technique [43]. In another study, a panel of genes with
methylation of ctDNA was assessed in two different
cohorts (France and Thailand), discovered that
changes in VIM and FBLN1 methylation levels could
represent effective ctDNA biomarkers [47]. SEPT9
was also verified to be the circulating epigenetic
biomarker in plasma for tumor diagnosis at an
individual level [44].

In addition to sporadic individual genes, Xu RH

et al. gathered several methylation points from two
gene panels: one was developed as a diagnostic panel
for HCC, which includes ten different methylation
points: BMPR1A, PSD, ARHGAP25, KLF3, PLACS,
ATXN1, Chr 6:170, Chr 6:3, ATAD2. The other could
predict prognosis, including SH3PXD2A, Cllorf9,
PPFIA1, Chr 17:78, SERPINB5, NOTCH3, GRHL2 and
TMEMSB [51].

Discriminated with methylation, 5-
methylcytosine (5mCs) are converted to 5hmCs by
5mC hydroxylase TET1, causing DNA demethylation
alternation in mammalian cells. Recent research found
out that 5hmC was decreased in HCC patients at a
very early stage, which was mainly because of the
decrease of 5mC associated with the hepatitis virus
and activity of the TET enzyme [65]. Therefore, 5ShmC
might be a biomarker of ctDNA with outstanding
value for human cancer diagnosis and staging,
including liver cancer, lung cancer, colorectal and
gastric cancer, and pancreatic cancer [39,40].

The methylated genes originally have different
functions, including DNA damage, metabolic
regulation, apoptosis, G protein-coupled signal
transmission, and some plasma protein release (Fig.
2). RUNX2 is a critical factor for osteoblast
differentiation, interacting with the p53 tumor
suppressor gene for DNA damage signaling cascade
[66]. THY1 and ST8SIA6 are both involved in
post-translational  protein modification. As a
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glycophosphatidylinositol (GPl) anchored protein,
GPI-THY1 can regulate signals impacting cell
adhesion, differentiation and migration [67]. ST8SIA6
is one of the sialyltransferases acting on N-linked
glycosylation  for  post-translational  protein
modification [68]. MTIM and MT1G, members of
metallothioneins (MTs), play vital roles in metal
homeostasis, metal detoxification, and metabolism of
vitamins and cofactors [69]. RGS10 is a
GTPase-activating protein. It is a specific type of Ga
subunits and can attenuate the signaling pathway for
heterotrimeric G proteins. As a specific type of Ga
subunits, RGS10 affects the production of cAMP,
further indirectly affecting fatty acid metabolism [70].
During apoptosis, vimentin (VIM) is cleaved by
several caspases, which can produce pro-apoptotic
amino-terminal production to amplify the cell death
signal [71]. Abundantly expressed in cell membranes
of gallbladder epithelium, TGR5 (GPBARI1) is a
G-protein-coupled bile acid receptor for bile acid
mediating [72]. Among the septin family, which is as
GTP-binding proteins for cell division, SEPTY is a key
factor for cytokinesis and has linked alterations to
cancer development [73]. INK4A (CDKN2A), which
belongs to the family of cyclin-dependent kinase
inhibitors, leads to cell cycle arrest in the G1 phase by
causing the inhibition of cyclin D-dependent kinases
[74]. Fibulin-1(FBLN1) belongs to an enormous family
of plasma glycoprotein and will be significantly
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increased in acute liver injury [75].

CtDNA combines with protein markers

Recently, there was an interesting study by
Cohen JD et al. for a new liquid biopsy method called
“CancerSEEK” for tumor early detection, which
combined mutations in ctDNA and circulating
proteins for eight common cancer types (ovary, liver,
stomach, pancreas, esophagus, colorectum, lung and
breast). In 1005 cancer patients the test was positive in
a median of 70% (ranging from 69 to 98%), and
specificity was more than 99% for the different tumor
entities, compared with 812 healthy controls. The
sensitivity of liver cancer was nearly 98%. It reaches
almost 100% in early tumor detection (for stage I HCC
patients). Limitations of this study were the small size
of a cohort including only 44 patients with liver cancer
(39 hepatocellular carcinoma and 5
cholangiocarcinomas). This study showed how
effective ctDNA could be applied for liver cancer
detection [76].

Clinical application of ctDNA detection in
HCC patients in liquid biopsies

Future application of liquid biopsy represents a
critical direction with broad clinical prospects.
CtDNA has many advantages: non-invasive, multiple
time points monitoring, characterization of cancer,
identification of mechanisms of resistance. Compared
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Figure 2. Functions of the genes with methylation. The functions of the genes with methylation (marked with red) mainly focus on several aspects: DNA damaged, metabolic
regulation, apoptosis, G protein-coupled signal transmission, cell division, and some plasma protein release. RUNX2 has an influence on DNA damage(marked with blue); THY,
ST8SIA6, MTIM, MTIG, and RGS10 participate in the metabolism process (marked with green); VIM has a connection with apoptosis (marked with yellow); TGR5(GPBARI) is
a G-protein-coupled bile acid receptor for bile acid mediating; SEPT9 plays a critical role of cytokinesis and INK4A (CDKN2A) is a cell cycle inhibitor(marked with light red);

FBLINTI is related to plasma glycoprotein generation(marked with orange).
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with standard tumor biopsy, blood samples are easy
to obtain multiple times in a non-invasive method.
Thus, for patients who do not need or cannot undergo
surgery, the non-invasive ctDNA analysis provides an
option of molecular information. It allows a practical
way of monitoring tumor change in patients serially
over time without physical injury.

At present, diagnosis at late-stage and tumor
recurrence remains to be a severe challenge in HCC
treatment, because of due limited techniques for
clinical use. A tumor is always caused by a gradual
increase of genetic aberrations that manage cell
proliferation and apoptotic. Thus ctDNA detection
using genetic changes as a detection indicator has the
huge potential to detect tumor cells at early stages. In
the research of Xu RH et al, ctDNA methylation
markers showed different scores between early-stage
disease (I, II) and advanced-stage disease (III, IV) [77],
reflecting the potential of ctDNA to be an early
diagnostic tool for HCC indirectly. It is also in
multiple tumors at early stages as well, including
colorectal, ovarian, lung, and breast cancer [78].
Moreover, tumor cell residual is one of the important
factors for postoperative tumor relapse. Owing to the
short half-life of ctDNA, any changes in tumor-
derived ctDNA are able to provide clear evidence of
real-time development of carcinoma, and this could
help to detect postoperative tumor residuals and
guide following treatment. As ctDNA correlates with
tumor burden, it could be a tool for recurrence
monitoring for HCC.

CtDNA is an emerging technique with immense
potential for different clinical applications in HCC
such as early tumor detection, therapy evaluation or
monitoring of metastasis. Therefore, ctDNA may
reflect tumor heterogeneity and subclone mutation
during disease progression. Gene alteration could be
made mutation or methylation panel to assess the
prognosis in gene profiling [51]. Precision oncology is
defined as seeking targeted molecular profiling and
therapy on carcinoma to improve the patient’s
prognosis. It aims to deliver the appropriate
personalized cancer treatment to each individual in
terms of techniques, time and dose. The merits of
ctDNA which we have discussed above in this article
show the potential of its promising applications in
precision oncology [79].

Future prospects

TACE is another first-line treatment for HCC
patients, aiming to induce tumor necrosis [80].
Simultaneously, tumor necrosis is also one of the
mechanisms of ctDNA release from the cell. Thus, in
the future, the variation of ctDNA may be compelling
data for whether to choose TACE as a supplementary

treatment after surgery and the timing of TACE
treatment. Simultaneously, profiling the molecular
changes in ctDNA/cfDNA may be able to guide
targeted therapy. Sorafenib, a multikinase inhibitor
for anti-angiogenesis and anti-proliferation, can
prolong nearly 3 months of median survival time for
advanced HCC patients. HCC patients receiving
sorafenib treatment show the amplification of
VEGFA copy number [28]. CtDNA may help to
monitor the efficacy of treatment and time to detect
drug resistance for HCC patients [81].

CtDNA has also the potential for distinguishing
tumor subtypes. This could be vital to guide diagnosis
and therapy. Right now there are no relevant studies
for HCC ctDNA differentiation of subtypes. However,
the ctDNA genotype has been proven to classify
tumor subtypes in diffuse large B cell lymphoma [82].
In lung cancer, ctDNA may detect two different
subtypes in the EGFR mutant gene [83]. Thus it is
necessary and urgent to explore the potential of
HCC-ctDNA regarding these aspects.

Simultaneously, the exploration of genetic
aberration in HCC ctDNA mainly depends on known
genetic changes in tumor tissues at present. It has
certain limitations: detection rates of mutated genes in
different populations in ctDNA did not match
detection rates in tumor tissues. The increasing
development of artificial intelligence (Al), in medical
imaging for cancer patients (e.g. lung, brain, breast,
and prostate cancer [84]) could be combined with
database of HCC tumor DNA, ctDNA and HCC
marker proteins with Al could lead to exploring new
biomarkers,  establishing  precision  oncology
detection, diagnosis, therapy and monitoring for
patients.

Conclusions

In this review, we summarized the studies on
biomarkers for the detection of ctDNA from a normal
cfDNA background in HCC patients in past the 5
years: CNVs, gene integrity, gene mutations, DNA
methylation, and cfDNA combined with protein
markers. In liver cancer research, the number of
studies on methylation ranks the highest, followed by
studies about gene mutation. Rather than being
limited to ctDNA quantity and size, exploring ctDNA
from the perspective of alterations in DNA genetic
and epigenetic information has become a hot topic.
These biomarkers offer new opportunities to improve
the sensitivity and specificity of ctDNA analysis and
contribute to achieving ctDNA technology for clinical
applications. However, the challenge for current
studies of ctDNA in HCC is the limitation of clearly
defined useful genetic targets and biomarkers, which
can help to distinguish circulating tumor DNA from
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normal cell-free DNA.

CtDNA detection has still several limitations:
results of ctDNA analysis dependent on different
extraction sources, methods, sample size, blood
collection time and conditions difference between
primary and recurrent tumors [85]. Standardization of
all these factors in different studies, as well as the
procedure for blood collection and storage, will be
keys for guaranteeing consistency of results. Despite
the high incidence of liver cancer and promising
results, the number of patients included in ctDNA
clinical trials is still limited. Therefore, more
researches are expected to take further exploration of
more accurate biomarkers of ctDNA or different
combinations of ctDNA with other effective markers.
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