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SUMMARY

Plasma circulating tumor DNA (ctDNA) offers a noninvasive
means for the detection and clinical management of liver
cancer. The different aspects of plasma ctDNA have been
intensively explored in recent years. These include the
mutational landscape such as single-nucleotide variations,
copy number variations, methylation landscape, end motif/
coordinate preference, hepatitis B virus integration, and
mitochondrial DNA mutations. The clinical utility of ctDNA
depends on the concordance of the genetic information be-
tween the plasma and the tumor tissue in hepatocellular
carcinoma (HCC). The use of ctDNA in clinical management
of HCC is discussed in regard to the detection and diagnosis,
prognosis, drug treatment guidance, and disease monitoring
of HCC. The barrier to the implementation of liquid biopsy
for cell-free DNA profiling and the coping strategies by
standardization of relevant procedures also is discussed.

Liver cancer (hepatocellular carcinoma [HCC]) is a fatal
cancer worldwide and often is detected at an advanced
stage when treatment options are very limited. This drives
the development of techniques and platforms for early
detection of HCC. In recent years, liquid biopsy has pro-
vided a means of noninvasive detection of cancers. By
detecting plasma circulating tumor DNA (ctDNA) released
from dying cancer cells, the presence of HCC can be
detected in a noninvasive manner. In this review, we
discuss the molecular characteristics of ctDNA and its
various molecular landscapes in HCC. These include the
mutational landscape, single-nucleotide variations, copy
number variations, methylation landscape, end motif/co-
ordinate preference, hepatitis B virus integration, and
mitochondrial DNA mutations. The consistency between
the plasma ctDNA and the tumor tissue genomic DNA
mutational profile is pivotal for the clinical utility of ctDNA
in the clinical management of HCC. With strategic use of
genetic information provided from plasma ctDNA profiling
and procedure standardization to facilitate implementation
in clinical practice, better clinical management would
become permissible through more efficient detection and
diagnosis of HCC, better prognostication, precision-matched
treatment guidance, and more reliable disease monitoring.
(Cell Mol Gastroenterol Hepatol 2022;13:1611–1624; https://
doi.org/10.1016/j.jcmgh.2022.02.008)
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iver cancer (hepatocellular carcinoma [HCC]) is a
1
Lprevalent and lethal cancer worldwide. HCC often

presents at advanced stages and hence is inoperable. Although
liver resection is the major curative therapy, the recurrence
rate even after surgery is high.2 Therefore, early detection is
pivotal to better clinical management and important to sup-
port recurrence surveillance, identify relevant molecular-
targeted drugs, and predict drug response for patients.

Circulating cell-free DNA (cfDNA) and circulating tumor
DNA (ctDNA) are noninvasive and promising strategies to
assay the circulating DNA in the bloodstream. Together with
other circulating biomarkers, they are referred to collectively
as liquid biopsy. It relies on the detection of intrinsic molecular
properties to distinguish the specific DNA originating from
tumor cells (ie, ctDNA). ctDNA should share the same molec-
ular alterations as their tumor source, and this makes ctDNA
an ideal alternative to tissue biopsy. This review summarizes
the most recent information about ctDNA characteristics,
detection methods, genetic variation profiles, and its clinical
applications for HCC to provide an overview of adopting liquid
biopsy in the clinical management of HCC. Finally, possible
implementation barriers, the coping procedure standardiza-
tion, and future perspectives are discussed. Note that cfDNA
refers to the input sample of assays while ctDNA represents
the specific subset of cfDNA that carries specific molecular
alterations; they may be used interchangeably in this article.

Molecular Characteristics of ctDNA and
Their Detection Technologies

ctDNA is a short DNA fragment of approximately 120 bp
released from necrotic or apoptotic tumor cells. Although
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normal nontumor cells also shed cfDNA into the blood-
stream, the cfDNA from tumor cells (ie, ctDNA) only ac-
counts for less than 1% of total cfDNA in the blood.3,4 The
short half-life of ctDNA3 and the difficulty in distinguishing
ctDNA from cfDNA released from normal cells complicates
the clinical utility of ctDNA. Specialized tubes can be used
for blood sample collection to reduce the chance of white
blood cell rupture and genomic DNA contamination from
the damaged white blood cells.5–8 Plasma extracted then can
be subjected to a column-based cfDNA extraction kit, which
already has been approved by the US Food and Drug
Administration for use in routine clinical practice. However,
to date, there are no extraction methods that specifically
enrich or harvest the tumor cfDNA fraction.8 Therefore,
tumor-specific genetic alteration information has to be
extracted from the ctDNA by next-generation sequencing
(NGS) methods, among which the often used ones include
whole-genome sequencing, whole-exome sequencing, and
target-panel sequencing. The former is more exploratory in
nature, while the latter requires a known predesigned gene
panel with respective probes to help enrich the specific
regions of interest for targeted library constructions and
sequencing procedures. With regard to NGS, the sensitivity,
specificity, and cost efficiency for detection of the tumor-
specific genetic alterations in ctDNA need to be balanced.
Raising sequencing coverage depth of ctDNA beyond the
most optimal level may not improve the sensitivity of
detecting tumor-specific genetic alterations further and be-
comes economically inefficient.9 In addition to NGS, other
methods for detecting tumor-specific genetic alterations in
ctDNA include droplet digital polymerase chain reaction
(PCR) and quantitative real-time PCR, which are relatively
cheaper and convenient detection methods but require
prior knowledge of known tumor-specific genetic alter-
ations for detection and are of relatively lower throughput
(Table 1).
Molecular Landscapes of ctDNA in HCC
Genetic and epigenetic aberrations were considered as

important factors that drive HCC initiation, progression, and
Table 1.A Brief Summary of the Technologies for ctDNA Detec

Method Sensitivity Coverage Variation

ddPCR High Specific and known
regions

SNV, CNV,
Meth

R

qPCR High Specific and known
regions

SNV, CNV, Meth C

WGS Moderate Whole genome SNV, CNV,
HBV, EM

M

h

WES Moderate Whole exome SNV, CNV,
HBV, EM

M

h

TS Relatively high Panel size SNV, CNV,
HBV, EM

M

h

ddPCR, droplet digital PCR; EM, end motif; HBV, HBV integrat
target-panel sequencing; WGS, whole-genome sequencing; W
metastasis. With an overview of HCC-associated molecular
landscape in ctDNA, it provides us with a better under-
standing of hepatocarcinogenesis and facilitates the mech-
anistic investigation of the underlying pathologic
mechanism in HCC. Molecular alterations in the ctDNA of
HCC mainly include single-nucleotide variation (SNVs), copy
number variations (CNVs), DNA methylation aberrations,
preferred end motifs or coordinates, and hepatitis B virus
(HBV) integration (Table 2).

SNVs
In the plasma of HCC patients, single-nucleotide muta-

tions could be detected at variable proportions in HCC pa-
tients, ranging from 35% to 96%, and may be related to the
size of the target gene panel examined and their treatment
status.10–16 By analyzing recent cfDNA studies of HCC
(Figure 1A), the most commonly altered genes were hitting
several pathways, including the PI3K/AKT/mTOR signaling
pathway (PTEN, PIK3CA, KRAS, NF1, TSC2), Wnt/b-catenin
signaling pathway (CTNNB1, AXIN1, APC), p53/cell-cycle
pathway (TP53, ATM, RB1, CDKN2A), and chromatin
remodeling (ARID2, ARID1A, NCOR1).17,18 TP53 and CTNNB1
are 2 of the most frequently mutated genes that were
identified in every aforementioned study. On the other hand,
telomerase reverse transcriptase (TERT) promoter mutations
are also highly and recurrently detected.10–16,19–25 These
genes play important roles in various aspects of HCC
development, with impacts particularly on DNA repair,
apoptosis, proliferation, and cell division.26–28

CNVs
Apart from SNVs, CNVs also can be detected in the cfDNA

of HCC patients. CNVs are larger-scale structural variations
(amplification or deletion) caused by genomic instability
and usually affecting particular chromosomes or chromo-
somal segments. At chromosomal level, 1q and 8q amplifi-
cations are detected frequently, while the deletion of 1p, 4q,
and 8p also typically are observed (Figure 1B).22,29–33 As for
the gene level, amplification of CDK6, epidermal growth
factor receptor (EGFR), MYC proto-oncogene, bHLH
tion in HCC

Advantage Limitation

apid, sensitive Relatively lower throughput; does
not detect novel targets

heaper Relatively lower throughput; does
not detect novel targets

ultiplex capabilities; detects
novel variations;

igh-throughput detection

Relatively high cost; needs
bioinformatics analysis
support

ultiplex capabilities; detects
novel variations;

igh-throughput detection

Relatively high cost; needs
bioinformatics analysis
support

ultiplex capabilities; detects
novel variations;

igh-throughput detection

Relatively high cost; needs
bioinformatics analysis
support

ion; Meth, methylation; qPCR, quantitative real-time PCR; TS
ES, whole-exome sequencing.



Table 2.A Summary of the Studies on the Various Types of Molecular Landscape of ctDNA in HCC

Reference Variation Cohort Application Mutation rate Consistency

Sample source for
cfDNA extraction
(volume, mL) Detection method

45 SNV, PEC 90 HCC, 67 H, 36 C, 32 NC D – – Plasma (4) WGS

49 SNV, CNV, HBV 481 HCC, 517 C D – – Blood (10) WGS, HBV

11 SNV, CNV 26 HCC G, M 89% 50%–100% Whole blood (20) 68-gene TS/70-gene TS

13 SNV, CNV 206 HCC D 88% – Whole blood (10) 54-gene/68-gene/70-gene TS

15 SNV, CNV 24 HCC P 96% – Plasma (2) 74-gene TS

20 SNV, CNV 34 HCC P, M 100% – Plasma (–) TS, WGS

22 SNV, CNV 187 HCC G, P – – Plasma (–) TS

25 SNV, CNV 14 HCC G, P 100% – Whole blood (20) 68-gene TS, ddPCR

58 SNV, HBV 65 HCC, 70 NC D – – Plasma (2) TS

10 SNV 48 HCC D 56% 22% Plasma (1) ddPCR, SS

12 SNV 51 HCC, 10 C D 35% 29% Plasma (1) 7-gene TS

14 SNV 26 HCC, 10 C, 10 H D, P 96% 89% Plasma (0.6–1.8) 354-gene TS

16 SNV 59 HCC P 56% 97.3%–100% Blood (10) 69-gene TS, ddPCR

19 SNV 41 HCC P 20% – Plasma (0.72) 3-gene TS

21 SNV 37 HCC D – 52%–84% Blood (10) TS

23 SNV 77 HCC, 8 C G 83% 83% Plasma (5), serum (1) 25-gene TS, ddPCR, SS

24 SNV 27 HCC G 96% – Plasma (–) –

51 SNV 8 HCC D 75% 71% Plasma (5), serum (1) 58-gene TS

65 SNV 895 HCC P 20%–42% 92% Whole blood (10) ddPCR, 1-gene TS

66 SNV 81 HCC P – – Plasma (–) ddPCR, SS

48 Meth, HBV 45 HCC, 18 C, 18 H, 36 NC D, M – – Whole blood (10) WGBS

38 Meth 104 HCC, 174 NC, 95 at-
risk disease

D, P – – Venous blood (10) MSP

39 Meth 25 HCC, 35 C or H, 20 NC D, M 92% – Plasma/serum (0.4) MSP

40 Meth 237 HCC D, M 37%–63% – Plasma (0.25) Pyrosequencing, MSP

41 Meth 50 HCC, 50 NC D 22%–70% – Blood (20) MSP

42 Meth 36 HCC, 17 C, 38 NC D – – Plasma (2) MCTA-sequencing technique

43 Meth 80 HCC, 40 C, 40 H, 20 NC D 34% - Serum (0.4) MSP

55 Meth 28 HCC D 89% 68%–89% Plasma (–) MSP

59 Meth 116 HCC, 60 C D – – Plasma (>1) MSP

61 Meth 144 HCC, 106 C M – – Plasma (1) BS

62 Meth 97 HCC, 46 H, 80 NC D – – Plasma (1.2–1.5) ddPCR

67 Meth 1098 HCC, 835 NC D, P – – Plasma (1.5) BS

68 Meth 68 NC, 66 H, 96 C, 109
HCC

D, M – – Plasma (–) MSP, BS
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Table 2.Continued

Reference Variation Cohort Application Mutation rate Consistency

Sample source for
cfDNA extraction
(volume, mL) Detection method

47 HBV 50 HCC D, M 88% – Plasma (1) TS

50 CNV, PEC, SNV 10 NC, 10 H, 10 HCC D – 100% Plasma (2) WGS, TS

30 CNV, EM 63 HCC, 187 H D 94% – Plasma (–) WGS

46 CNV, EM 34 HCC, 17 H, 38 NC D, M – – Plasma (4) BS

29 CNV 151 HCC G, P 27% – Plasma (1.5) WGS

31 CNV 31 HCC, 8 H or C D 42% – Plasma (–) –

32 CNV 76 HCC, 274 NC D, P 57% – Plasma (2) WGS

33 CNV 90 HCC, 67 H, 36 C, 32 NC D 84% 63% Plasma (3–4.8) WGS

34 CNV 117 HCC P – – Plasma (–) WGS

74 CNV 1 HCC G – – Plasma (–) –

64 5hmC, EM 2250 C, 508 HCC, 476 NC D – – Plasma (–) 5hmC-sequencing, WGS

57 5hmC 1204 HCC, 392 H or C, 958
NC

D – – Peripheral blood (5–10) 5hmC-seal profiling

BS, bisulfite sequencing; C, cirrhosis (irrespective of etiology); D, detection and diagnosis; ddPCR, droplet digital PCR; EM, end motif; G, guiding drug administration; H,
hepatitis (irrespective of etiology); HBV, HBV integration; M, monitoring; MCTA, Methylated CpG tandems amplification; Meth, methylation; MSP, methylation-specific
PCR; NC, normal control; P, prognosis; PEC, preferred ends coordinate; SS, sanger sequencing; TS, target-panel sequencing; WGBS, whole-genome bisulfite
sequencing; WGS, whole-genome sequencing; 5hmC, 5hmC modification; –, not available.
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Figure 1. A summary of genetic aberrations of SNVs and CNVs reported from previous studies in HCC. (A) Proportions of
HCC patients with recurrent SNVs in related pathways reported by 14 previous studies. (B) CNVs (Gain or Loss) at chro-
mosome level found in 6 studies.
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transcription factor (MYC), BRAF, and CCNE1 are reported
frequently, whereas deletion events are less consistent
among studies.11,13,15,25 The earlier-described chromosomes
and genes are the common and conserved CNV signatures
possessed by HCC patients and readily revealed by the CNV
landscape obtained from patients’ cfDNA. Because there is
only a scanty amount of ctDNA present in the bloodstream
for HCC patients, this limits the detection of CNVs in cfDNA.
To overcome the limitation, Jin et al30 attempted to improve
the detection of the CNV signal by applying fragment-size
selection of less than 150 bp in a cohort of 197 HCC pa-
tients. Because CNV generally influences a larger fraction of
the genome compared with SNV, copy number analysis and
the detection of alterations usually are performed and
evaluated at a relatively large scale. Different studies used
and/or developed algorithms, aiming to accurately estimate
the genomic regions potentially affected by CNV. At the
genome-wide level, statistics such as tumor fraction, pre-
diction score, and stability score are calculated as indicators
for estimating the overall likelihood of CNV. Similarly,
metrics at a smaller scale (eg, arm or bin level) also have
been developed to measure CNV in the cfDNA of HCC
patients.34
Methylation
Considering the conservation of tissue-specific methyl-

ation patterns in tumors, liquid biopsy–based methylation
can be used in a cancer diagnosis without a priori knowl-
edge of somatic mutations or copy number aberrations.35
Methylated septin 9 (SEPTIN9) is an approved blood-based
biomarker for colorectal cancer screening. Septins are the
guanosine triphosphate–binding proteins that participate in
cell division, cytoskeletal organization, and membrane
remodeling processes.36 Promisingly, SEPTIN9 methylation
in cfDNA has been shown to serve as a noninvasive and
effective indicator for HCC diagnosis as well.37 In particular,
when combined with the serum a-fetoprotein (AFP) level,
the sensitivity of HCC detection can be improved from
82.7% to 91.3%.38 In addition, CDKN2A, CDKN2B, RASSF1A,
STEAP4, TBX2, VIM, and ZNF154 are genes reported by
previous studies that their serum DNA methylation was
associated with HCC development and progression.39–41

Wen et al42 found that 4 genes, RGS10, ST8SIA6, RUNX2,
and VIM, are hypermethylated in HCC, which could be
applied in HCC detection clinically. On the other hand, a
previous study reported that the hypomethylation of the
UBE2Q1 gene promoter is a prospective biomarker for HBV-
associated HCC.43
Preferred End Motif or Coordinate
Preferred ends in DNA molecules refer to the certain

base positions in the genome (coordinate) or specific base
composition (motif) at the end of DNA fragments. Because
fetal-specific DNA molecules with preferred ends exist in the
plasma of pregnant women, it is likely that the plasma of
cancer patients also carries tumor DNA with similar
preferred ends that distinguish them from the remaining
cfDNA molecules of nonmalignant origins.44 This hypothesis
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has led to subsequent investigations based on the end mo-
tifs and coordinates of ctDNA in HCC. To this end, Jiang
et al45 identified the tumor-associated and non–tumor-
associated preferred end coordinates by comparing the
cfDNA end coordinate profile of a HCC patient with that of a
chronic HBV patient. Moreover, ctDNA in plasma-carrying,
tumor-associated DNA ends were significantly shorter
than nontumor-associated DNA. In addition, the ratio of
tumor- to nontumor-associated cfDNA preferred end was
correlated positively with tumor DNA concentration.
Furthermore, they also found that there was a specific
pattern of 4-mer end motifs among HCC patients. HCC pa-
tients especially were found to have a lower abundance of
DNA motif CCCA in their plasma compared with that in non-
HCC cases.46 Along this direction, Jin et al30 found 139
preferential end motifs that were significantly related to the
fragment size in HCC and HBV-infected patients.
HBV Integration
Similar to HBV integration detected in HCC tumor tis-

sues, recurrently integrated genes detected in cfDNA of HCC
patients include TERT, KMT2B, MLL4, and CCNA2. HBV
integration into the TERT promoter is commonly observed
and has a frequency of 36.4%.47 In addition, by using low-
pass, whole-genome bisulfite sequencing, a significant
enrichment of hypomethylation of cfDNA near HBV inte-
gration sites could be found in HCC patients, but not in
patients with hepatitis or cirrhosis.48 Notably, the number of
HBV integration events in cfDNA of HCC patients is corre-
lated with ctDNA concentration.49 The plasma level of
virus–host chimera DNA generated by HBV integration into
the human genome is associated positively with tumor size.
Therefore, HBV integration detected in cfDNA could be a
circulating biomarker for prognostic prediction before tu-
mor resection as well as monitoring residual or recurrent
tumor after resection.47
Mitochondrial DNA
Mutations in mitochondrial DNA (mtDNA) have been

implicated in HCCs and noninvasive detection of plasma
circulating cell-free mtDNA (ccf-mtDNA) may offer a po-
tential tool for finding tumor biomarker for detection of
HCC.50 In a study cohort of 10 HCC patients, 10 colorectal
cancer patients, 10 healthy patients, and 10 hepatitis
controls, it was found that ccf-mtDNA has a biased dis-
tribution of fragment size at approximately 90 bp. With
capture-based deep NGS in the ccf-mtDNA, matched tumor
and nontumor tissues, and peripheral blood mononuclear
cells of 5 HCC patients, HCC-specific mtDNA mutations
were specifically identified in the plasma samples of HCC
patients. Furthermore, variants with unknown origina-
tions resulting from intratumor heterogeneity also were
found in plasma ccf-mtDNA, signifying the sensitivity of
using ccf-mtDNA mutations to detect HCC and the un-
derestimation of tumor burdens by using single-biopsy
profiling.
Consistency Between Plasma and
Tumor Tissue in HCC

An et al14 discovered that the concordance of detected
mutations between HCC tissue and matched plasma cfDNA
ranged from 52% to 84%. In addition, Labgaa et al51 used
targeted deep sequencing and detected 21 somatic muta-
tions in the tumor tissues in a cohort of 8 HCC patients,
with representative mutations affecting genes including
TERT promoter, TP53, CTNNB1, JAK1, and AXIN1. Among
these mutations, 15 (71%) of them were identified in
paired plasma or serum samples. A study by Ng et al52

reported 63% of the studied HCC patients carried HCC-
associated somatic mutations. Importantly, 81% and 97%
of the mutations detected in cfDNA, in nonhypermutator
and hypermutator cases, respectively, were detected
independently in the tissue counterparts. Regarding cases
with tumors of 5 cm or larger having metastasis, cfDNA
and tissue DNA were shown to capture similar pro-
portions of somatic mutations (87% and 95%, respec-
tively), suggesting that, in most HCC patients with
substantial tumor burden, somatic mutations can be
detected confidently in cfDNA to reflect the mutation
landscape in their corresponding tumor tissues. On the
contrary, consistency is relatively low for cases having
smaller tumor size.53 In fact, not all reported studies
suggested high concordance between cfDNA and HCC tu-
mor tissue. In the study by Huang et al,10 with a cohort of
48 patients, 27 (56%) were detected with designated
HCC-related mutations (TERT, TP53, CTNNB1) in cfDNA by
droplet digital PCR. However, only 6 of them had matched
mutations in tumor tissues. In another extreme case,12

although all mutations detected in plasma cfDNA could
be confirmed in the corresponding tumor tissues, as many
as 71% of the patients carried mutations that were iden-
tified only in the tumor tissues, indicating the low sensi-
tivity of detection by using cfDNA. In addition, for some
studies, some key driver mutations could be found in both
cfDNA and tumor tissue (eg, TP53, CTNNB1, and ARID1A).
On the other hand, several mutations were detected only
in either cfDNA or tumor tissue.11,14

Apart from somatic mutations, the concordance of CNV,
DNA methylation pattern, and HBV integration between tu-
mor tissue and cfDNA also has been investigated but to a
lesser extent. For CNV, comparable bin and chromosomal-
arm level CNV patterns were discovered between cfDNA
and tumor tissue.34 As reported by previous studies, tumor-
associated CNV could be found in the plasma cfDNA.54,55

For methylation, their alterations at APC, FHIT, CDKN2B,
CDKN2A, and CDH1 genes showed relatively high consistency
between HCC tissue and matched plasma cfDNA, ranging
from 68% to 89%,56 but it was reported to be lower (43%) at
the RASSF1A promoter region.57 In another study on a cohort
of 26 HCC patients, a correlation based on 5-
hydroxymethylcytosine (5hmC) modification in the top 30
variant genes was calculated to estimate 5hmC modification
origination. The correlation between cfDNA and tumor/
adjacent tissue was higher than that among 26 individuals’
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cfDNA as background (0.88 vs 0.73), indicating 5hmC in
cfDNA was related to the tissue origin.58 For HBV integration,
most of the mismatch breakpoints were regarded as random
and sporadic events, except TERT and KMT2B breakpoints,
which showed high concordance between HCC tissue and
plasma cfDNA.49

Use of cfDNA in the Clinical
Management of HCC

Here, we describe the use of cfDNA as liquid biopsy in
HCC. By utilizing the aforementioned molecular alterations
to distinguish the ctDNA, different biomarkers have been
derived for translational applications in different perspec-
tives of clinical management of HCC.

Detection and Diagnosis
Somatic mutations detected in cfDNA could be used as

biomarkers for HCC diagnosis. One study reported that the
number of mutations, the maximal variant allele frequency
(VAF), and ctDNA concentration in the plasma of HCC pa-
tients could distinguish malignant lesions from benign ones
with an area under the curve (AUC) of 0.8760, 0.8019, and
0.8712 respectively, which are greater than that for AFP
alone (0.7827).14 ctDNA mutations in combination with AFP
level,21 or with HBV insertion events and protein markers,59

were shown to have promising sensitivity and specificity for
HCC detection. Simultaneous detection of HBV integration
landscape and mutations in cfDNA by circulating single-
molecule amplification and resequencing technology–based
targeted deep sequencing showed a higher AUC value
when combined with AFP than that with AFP alone, indi-
cating superior detection or diagnostic power for HCC.49

Plasma cfDNA CNV discovered by shallow whole-genome
sequencing, when combined with fragment size and AFP,
facilitates early detection of HCC by achieving 92.6% accu-
racy and better performance than other predictors.32

Identification of differentially methylated sites helps
build statistical models or biomarker signatures for HCC
diagnosis, prognosis, and recurrence monitoring. Logistic
regression and random forest algorithms were used in the
discovery cohort model training and validation in another
cohort. Models based on cfDNA methylation for HCC
detection could achieve a typical sensitivity of 91%–97%
and specificity of 85%–92%.42,60,61 Combining methylation
markers such as HOXA1, EMX1, and TSPYL5 with other
biomarkers such as AFP or AFP-L3 can improve the per-
formance for early stage HCC detection.62–64

In addition, conserved 5hmC modification shows the
potential of early HCC detection by genome-wide 5hmC
modification.58 5hmC, nucleosome footprint, 5’-end motif,
and fragmentation of plasma cfDNA can be profiled to
derive a HIFI (5-Hydroxymethylcytosine/motIf/Fragmenta-
tion/nucleosome footprInt) score to help diagnose HCC
patients with high sensitivity and specificity to differentiate
HCC from liver cirrhosis.65 The differentiation power for
HCC vs liver cirrhosis by the cfDNA-derived HIFI showed an
AUC (0.995–0.996) superior to AFP alone (0.826–0.845).
Interestingly, the diagnostic performance of the HIFI
method was independent of cfDNA concentration and may
overcome the problem of varying cfDNA concentrations
across individuals.

These plasma cfDNA profiling platforms may help screen
out HCC patients in a noninvasive and relatively convenient
manner and are likely superior to sequencing single-tumor
tissue biopsy by better representation of the heteroge-
neous HCC tumor. However, in cancers with low tumor
burden or early stage tumors, mutations present in the tu-
mor tissues may not be detected easily in cfDNA and it still
is recommended to consider both tissue and cfDNA
sequencing when making clinical judgments.9
Prognostication
Numerous studies have shown the possibility that SNVs

in ctDNA can serve as potential markers for HCC prog-
nostic evaluation. In the study by Cai et al,20 the dynamic
changes in SNV and CNV of cfDNA correlated nicely with
patient tumor burden. The overall mutation profiles accu-
rately evaluated patients’ tumor occurrence in advance of
medical imaging for an average of 4.6 months and showed
superior performance than other serum biomarkers in
revealing HCC incidence and detecting minimal residual
disease. Importantly, the mutational burden reflected by
cfDNA could be translated into predicting patients’ prog-
nostic outcomes in terms of relapse-free survival and
overall survival (OS). Similarly, HCC patients with detect-
able mutations in their postoperative plasma had poorer
disease-free survival than those without (17.5 vs 6.7 mo),
and, in addition, postoperative cfDNA status informed the
risk of recurrence.14 Intriguingly, even the detection of
TP53 R249S hotspot mutation in cfDNA could significantly
predict worse overall and progression-free survival in HCC
patients, irrespective of their hepatectomy status.66 In a
recent study by Kim et al,16 by jointly considering the
presence of mutL homolog 1 (MLH1) SNV and increased
cfDNA level, they achieved a better prediction in identifying
HCC patients with worse OS.

VAF or mutant allele frequency (MAF) is also an inde-
pendent risk factor for microvascular invasion and recur-
rence postoperatively. HCC patients with increased MAF had
a relatively shorter disease-free survival and OS in com-
parison with those with decreased MAF.67 Moreover,
reduction in mean VAF after 4 weeks of lenvatinib treatment
was associated with better progression-free survival, indi-
cating the subset of patients who are more responsive to the
treatment.15 HCC patients with mutations related to the
PI3K/mTOR pathway had notably lower progression-free
survival than those without these mutations, while it was
not associated with prognostic outcomes for those subjected
to immune checkpoint inhibitor (ICI) treatment.51

CNVs of different sizes also showed their prognostic
value. Although different scales of CNV in cfDNA all could
advise prognosis of HCC patients, the performance of bin-
level CNV was more outstanding.34 In a recent study
investigating cfDNA CNV biomarkers for ICI treatment



Figure 2. An overview of the molecular landscape of ctDNA and its relevance in the clinical management of HCC. ctDNA
originates from the tumor tissue and carries the same genetic aberriations as the tumor cells. With the consistency between
ctDNA and tumor cells, ctDNA as a form of liquid biopsy could protentially be used for different aspects in the clinical
management of HCC.
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response, patients with lower CNV risk scores had better OS
and progression-free survival (PFS). Interestingly, it was not
associated with prognostic differences in another non-ICI
cohort.22 In another study evaluating the clinical values of
cfDNA CNV biomarkers for sorafenib treatment outcome,
patients resistant to sorafenib with progressive disease had
a significantly higher I-score (a measure of genomic insta-
bility), and the high I-score group showed poorer prognostic
outcome.29

Many studies investigated epigenetic aberrations in
relation to HCC prognosis by comparing bisulfite sequencing
data between the group with good clinical outcome and the
group with poor outcome. Panels of methylation markers
were used for prognostic estimation for HCC. For instance,
in a study based on 8 methylation markers identified in
cfDNA in a cohort of HCC patients, a combined prognosis
score was calculated for prognostic prediction in HCC.68

Moreover, Zhao et al69 found that the methylation level of
SHISA7, ZNF300, and SLC22A20 closely correlated to
different stages of HCC development and was able to
distinguish between healthy and diseased individuals. In
addition, HBV integration serves as a clinically potential
biomarker for early detection of recurrent HCC and 90% of
HCC patients carrying virus–host DNA in plasma undergo
recurrence within 1 year.47
Guiding Drug Administration
In a recent study, Fujii et al15 retrospectively examined

cfDNA by targeted NGS in a cohort of 24 patients with
advanced HCC before and 4 weeks after lenvatinib treat-
ment. Surprisingly, novel alterations appeared during len-
vatinib treatment when compared with the baseline and
post-treatment cfDNA samples. Based on previous reports
regarding the association of concerned mutations with
responsiveness or resistance to the concerned drugs in
other cancers, one can predict and select the appropriate
drug to prescribe. For example, in a study conducted on 605
cfDNA samples in multiple cancer types,9 NGS on a panel of
382 cancer-relevant genes was performed and more than
70% of patients showed clinically druggable mutations.
Successful treatment guidance by cfDNA profiling has been
exemplified by case reports for diffuse large B-cell lym-
phoma treated by lenalidomide as guided by possible acti-
vation of the NF-kB pathway70 and metastatic brain tumors
from lung adenocarcinoma treated by alectinib (ALK in-
hibitor), as guided by (EMAP Like 4-ALK receptor tyrosin
kinase) EML4-ALK fusion.71 However, studies in cfDNA
profiling for treatment guidance are lacking for HCC.

The US Food and Drug Administration recently approved
a plasma cfDNA test for EGFR mutation as a companion
diagnostic for non–small-cell lung cancer patients.7 A
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companion diagnostic is any in vitro diagnostic test
providing information necessary for the safe and effective
use of a corresponding drug or biological product.72 How-
ever, regarding the use of cfDNA profiling as a companion
diagnostic to guide drug treatment, there are several con-
cerns.8 First, the varying quantity and quality of the input
plasma cfDNA across patients are beyond the control of the
testing procedure standardization and certification. Second,
that mutations are not detected in cfDNA does not abso-
lutely rule out the presence of a mutation; the clinical utility
of sole liquid biopsy cfDNA profiling without any biopsy
tissue profiling is questionable. Third, clinical utility
regarding risk prediction and benefit evaluation for the
corresponding drug administration to improve the health
outcome72 and the legal liability and cost effectiveness of
using plasma cfDNA genetic profiles to guide treatment also
need to be considered. Therefore, the path for establishing
the regulatory framework for treatment guidance by liquid
biopsy ctDNA profiling may still have a long way to go.

Disease Monitoring
cfDNAs contain a pool of genomic DNAs from different

tumor clones or tumors from different sites within a pa-
tient to provide valuable information for the real-time
monitoring of tumor progression on the molecular level,
in addition to guiding clinical treatment. In a case report
by Wang et al73 on an advanced HCC, plasma cfDNA level
and genetic alteration were assessed and SNVs of TP53
and TERT, insertion or deletion of bases (indels) of TP53
and ARID1A, and amplifications of vascular endothelial
growth factor receptor (VEGFR), fibroblast growth factor
receptor (FGFR), and MYC proto-oncogene, bHLH tran-
scription factor (MYC) were found. Transarterial chemo-
embolization was administered. Interestingly, although
AFP level decreased after treatment, continuous cfDNA
monitoring showed the opposite clinical course with
portal vein tumor thrombus in abdominal magnetic reso-
nance imaging and new tumor lesions. Because a histo-
logic examination of biopsy tissues showed Programmed
Cell Death 1 PD-1 positivity, the patient was treated with
anti–PD-1 antibodies. The ctDNA level returned to a
normal level later after combination treatment with
regression of HCC size and sustained response for the
tumor thrombus. This highlights that sensitive detection
of ctDNA can benefit disease monitoring. More studies are
needed for HCC in the use of cfDNA in monitoring cancer
progression, as showcased in lung adenocarcinoma
patients.71

Barrier of Implementation of Liquid Biopsy by
cfDNA Genotyping and Future Perspectives

Currently, plasma cfDNA profiling has not been put into
general clinical practice for HCCs. There are several pitfalls
that await to be addressed.

Potential Challenges to Implementation
Currently, the exact mechanisms by which cfDNA is

released into the bloodstream are unclear. The
contributions of cfDNA from apoptosis, necrosis, auto-
phagic cell death, and active release at different time
points during disease progression, treatment response,
and resistance appearance are poorly understood and will
affect interpretation of the clinical observation in cfDNA
assays.3 Other challenges include the difficulty in detect-
ing ctDNA mutations in early stage cancers with lower
tumor burden,74 complex variants of gene fusions,75 lack
of HCC-specific mutation hotspots for detection by NGS
panels of insufficient broadness, and unavailability of
matching effective therapies for druggable targets.74–76

The lack of standardization in liquid biopsy procedures
(eg, blood collection volume, the types of tubes for blood
collection, and sample storage and shipping logistics)
resulting from the varying practice for ctDNA profiling in
different health care centers also hinders its use in clinical
routine practice.77

Toward Standardization in Liquid Biopsy of
cfDNA Profiling

To allow standardization, some preanalytical factors
involved in the early procedures to separate the liquid part
of blood from blood cells require investigation78–80 and
global consensus needs to be sought on the assignment of
values and standards across multiple clinical centers and
diagnostic laboratories through some standardization alli-
ance.81 Furthermore, to avoid false-negative detection, a
lower limit of detection needs to be determined and a
standard curve has to be constructed for quantifying the
allelic frequencies of the mutants in the cfDNA. These can be
accomplished by the spike in reference exogenous DNA with
specific known mutations and alterations at different known
concentrations into the blood plasma to serve as control for
assessing extraction efficiency as well as fragment size bias
of the extraction process.82 Such reference materials for in-
house quality control also need to be standardized.83 An
external quality assurance program should be in place to
monitor laboratory performance, the proficiency in the
cfDNA diagnostic test, and interpretation to identify possible
sources of errors in the sample processing and analytical
procedures to confer generation of reliable data for clinical
decision making.84

Further Studies and Future Perspective
Some aspects of cfDNA require further investigation.

First, the representation power of different subclones of
tumors by different proportions of the relevant ctDNA mu-
tations in the total ctDNA pool needs to be investigated.72

Second, the parameters of the tumors (eg, tumor vascular-
ization, tumor aggressiveness, metabolic activity, and cell
death mechanism) that will affect the dynamics of ctDNA in
the bloodstream need to be identified.85 Third, because
cfDNA being actively released from the tumor may have a
different meaning from that being released passively from
dying cells upon treatment (the former represents
treatment-resistant cells/subclones while the latter repre-
sents treatment-responsive cells/subclones),85 changes in
cfDNA profiling have to be interpreted carefully before and
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after HCC treatment. To better investigate the utility of
plasma ctDNA genotyping to complement precision medi-
cine in HCC, randomized trials with large multicenter co-
horts and long-term follow-up evaluation for comparing
ctDNA-guided decision making against standard treatment
without guidance from ctDNA profiling are much awaited
amidst the current transition era from the exploratory stage
toward the clinical translation stage in research.3,74,85

Conclusions
This review provides a summary of the current under-

standing of cfDNA and ctDNA in HCC. We also discuss the
molecular landscapes of ctDNA in HCC, including genomic
and epigenetic alterations, and the consistency between
plasma and tumor tissue of HCC patients. In addition, we
outline the use of cfDNA in the clinical management of HCC
(Figure 2). Newly identified mutational and methylation
markers when coupled with traditional markers such as AFP
and HBV integration detection allows promising detection
and diagnosis of HCC. Multiple SNV and CNV markers,
methylation markers, mutational burden, and VAF/MAF can
help predict the survival of HCC patients in the prognosti-
cation of HCC. Although druggable gene mutations can be
identified in the plasma cfDNA of HCC, real-life successes for
such application in HCC still are scarce; more research as
well as standardization in the liquid biopsy of cfDNA
profiling are much awaited to address the concerned bar-
riers of its implementation in real clinical practice for the
management of HCC. Taken together, liquid biopsy using
ctDNA detection and profiling offers a valuable tool in better
clinical management of HCC, particularly in the monitoring
of HCC progression.
References
1. Sung H, Ferlay J, Siegel RL, Laversanne M,

Soerjomataram I, Jemal A, Bray F. Global cancer sta-
tistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA
Cancer J Clin 2021;71:209–249.

2. Tran NH, Kisiel J, Roberts LR. Using cell-free DNA for
HCC surveillance and prognosis. JHEP Rep 2021;3:
100304.

3. Ye Q, Ling S, Zheng S, Xu X. Liquid biopsy in hepato-
cellular carcinoma: circulating tumor cells and circulating
tumor DNA. Mol Cancer 2019;18:114.

4. Yang JD, Liu MC, Kisiel JB. Circulating tumor DNA and
hepatocellular carcinoma. Semin Liver Dis 2019;
39:452–462.

5. Parackal S, Zou D, Day R, Black M, Guilford P. Com-
parison of Roche Cell-Free DNA collection Tubes® to
Streck Cell-Free DNA BCT® s for sample stability using
healthy volunteers. Pract Lab Med 2019;16:e00125.

6. Zhao Y, Li Y, Chen P, Li S, Luo J, Xia H. Performance
comparison of blood collection tubes as liquid biopsy
storage system for minimizing cfDNA contamination
from genomic DNA. J Clin Lab Anal 2019;33:e22670.

7. Bernabe R, Hickson N, Wallace A, Blackhall FH. What do
we need to make circulating tumour DNA (ctDNA) a
routine diagnostic test in lung cancer? Eur J Cancer
2017;81:66–73.

8. Deans ZC, Butler R, Cheetham M, Dequeker EMC,
Fairley JA, Fenizia F, Hall JA, Keppens C, Normanno N,
Schuuring E, Patton SJ. IQN path ASBL report from the
first European cfDNA consensus meeting: expert opinion
on the minimal requirements for clinical ctDNA testing.
Virchows Arch 2019;474:681–689.

9. Shu Y, Wu X, Tong X, Wang X, Chang Z, Mao Y, Chen X,
Sun J, Wang Z, Hong Z, Zhu L, Zhu C, Chen J, Liang Y,
Shao H, Shao YW. Circulating tumor DNA mutation
profiling by targeted next generation sequencing pro-
vides guidance for personalized treatments in multiple
cancer types. Sci Rep 2017;7:583.

10. Huang A, Zhang X, Zhou SL, Cao Y, Huang XW, Fan J,
Yang XR, 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.

11. Ikeda S, Lim JS, Kurzrock R. Analysis of tissue and
circulating tumor DNA by next-generation sequencing of
hepatocellular carcinoma: implications for targeted
therapeutics. Mol Cancer Ther 2018;17:1114–1122.

12. Howell J, Atkinson SR, Pinato DJ, Knapp S, Ward C,
Minisini R, Burlone ME, Leutner M, Pirisi M, Buttner R,
Khan SA, Thursz M, Odenthal M, Sharma R. Identifica-
tion of mutations in circulating cell-free tumour DNA as a
biomarker in hepatocellular carcinoma. Eur J Cancer
2019;116:56–66.

13. Kaseb AO, Sanchez NS, Sen S, Kelley RK, Tan B,
Bocobo AG, Lim KH, Abdel-Wahab R, Uemura M,
Pestana RC, Qiao W, Xiao L, Morris J, Amin HM,
Hassan MM, Rashid A, Banks KC, Lanman RB,
Talasaz A, Mills-Shaw KR, George B, Haque A,
Raghav KPS, Wolff RA, Yao JC, Meric-Bernstam F,
Ikeda S, Kurzrock R. Molecular profiling of hepatocellular
carcinoma using circulating cell-free DNA. Clin Cancer
Res 2019;25:6107–6118.

14. An Y, Guan Y, Xu Y, Han Y, Wu C, Bao C, Zhou B,
Wang H, Zhang M, Liu W, Qiu L, Han Z, Chen Y, Xia X,
Wang J, Liu Z, Huang W, Yi X, Huang J. The diagnostic
and prognostic usage of circulating tumor DNA in oper-
able hepatocellular carcinoma. Am J Transl Res 2019;
11:6462–6474.

15. Fujii Y, Ono A, Hayes CN, Aikata H, Yamauchi M,
Uchikawa S, Kodama K, Teraoka Y, Fujino H,
Nakahara T, Murakami E, Miki D, Okamoto W,
Kawaoka T, Tsuge M, Imamura M, Chayama K. Identifi-
cation and monitoring of mutations in circulating cell-free
tumor DNA in hepatocellular carcinoma treated with
lenvatinib. J Exp Clin Cancer Res 2021;40:215.

16. Kim SS, Eun JW, Choi JH, Woo HG, Cho HJ, Ahn HR,
Suh CW, Baek GO, Cho SW, Cheong JY. MLH1 single-
nucleotide variant in circulating tumor DNA predicts
overall survival of patients with hepatocellular carcinoma.
Sci Rep 2020;10:17862.

17. Totoki Y, Tatsuno K, Covington KR, Ueda H,
Creighton CJ, Kato M, Tsuji S, Donehower LA, Slagle BL,
Nakamura H, Yamamoto S, Shinbrot E, Hama N,
Lehmkuhl M, Hosoda F, Arai Y, Walker K, Dahdouli M,
Gotoh K, Nagae G, Gingras MC, Muzny DM, Ojima H,

http://refhub.elsevier.com/S2352-345X(22)00035-2/sref1
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref1
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref1
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref1
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref1
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref1
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref2
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref2
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref2
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref3
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref3
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref3
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref4
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref4
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref4
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref4
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref5
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref5
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref5
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref5
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref6
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref6
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref6
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref6
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref7
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref7
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref7
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref7
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref7
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref8
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref8
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref8
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref8
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref8
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref8
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref8
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref9
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref9
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref9
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref9
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref9
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref9
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref10
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref10
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref10
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref10
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref10
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref10
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref11
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref11
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref11
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref11
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref11
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref12
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref12
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref12
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref12
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref12
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref12
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref12
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref13
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref13
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref13
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref13
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref13
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref13
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref13
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref13
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref13
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref13
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref14
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref14
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref14
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref14
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref14
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref14
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref14
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref15
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref15
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref15
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref15
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref15
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref15
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref15
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref16
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref16
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref16
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref16
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref16
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref17
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref17
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref17
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref17
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref17


2022 Liquid Biopsy in Hepatocellular Carcinoma 1621
Shimada K, Midorikawa Y, Goss JA, Cotton R,
Hayashi A, Shibahara J, Ishikawa S, Guiteau J,
Tanaka M, Urushidate T, Ohashi S, Okada N,
Doddapaneni H, Wang M, Zhu Y, Dinh H, Okusaka T,
Kokudo N, Kosuge T, Takayama T, Fukayama M,
Gibbs RA, Wheeler DA, Aburatani H, Shibata T. Trans-
ancestry mutational landscape of hepatocellular carci-
noma genomes. Nat Genet 2014;46:1267–1273.

18. Guichard C, Amaddeo G, Imbeaud S, Ladeiro Y,
Pelletier L, Maad IB, Calderaro J, Bioulac-Sage P,
Letexier M, Degos F, Clement B, Balabaud C, Chevet E,
Laurent A, Couchy G, Letouze E, Calvo F, Zucman-
Rossi J. Integrated analysis of somatic mutations and
focal copy-number changes identifies key genes and
pathways in hepatocellular carcinoma. Nat Genet 2012;
44:694–698.

19. Liao W, Yang H, Xu H, Wang Y, Ge P, Ren J, Xu W, Lu X,
Sang X, Zhong S, Zhang H, Mao Y. Noninvasive detec-
tion of tumor-associated mutations from circulating cell-
free DNA in hepatocellular carcinoma patients by tar-
geted deep sequencing. Oncotarget 2016;
7:40481–40490.

20. Cai Z, Chen G, Zeng Y, Dong X, Li Z, Huang Y, Xin F,
Qiu L, Xu H, Zhang W, Su X, Liu X, Liu J. Comprehensive
liquid profiling of circulating tumor DNA and protein
biomarkers in long-term follow-up patients with hepato-
cellular carcinoma. Clin Cancer Res 2019;25:5284–5294.

21. Xiong Y, Xie CR, Zhang S, Chen J, Yin ZY. Detection of a
novel panel of somatic mutations in plasma cell-free
DNA and its diagnostic value in hepatocellular carci-
noma. Cancer Manag Res 2019;11:5745–5756.

22. Yang X, Hu Y, Yang K, Wang D, Lin J, Long J, Xie F,
Mao J, Bian J, Guan M, Pan J, Huo L, Hu K, Yang X,
Mao Y, Sang X, Zhang J, Wang X, Zhang H, Zhao H. Cell-
free DNA copy number variations predict efficacy of
immune checkpoint inhibitor-based therapy in hep-
atobiliary cancers. J Immunother Cancer 2021;9:
e001942.

23. von Felden J, Craig AJ, Garcia-Lezana T, Labgaa I,
Haber PK, D’Avola D, Asgharpour A, Dieterich D,
Bonaccorso A, Torres-Martin M, Sia D, Sung MW,
Tabrizian P, Schwartz M, Llovet JM, Villanueva A. Mu-
tations in circulating tumor DNA predict primary resis-
tance to systemic therapies in advanced hepatocellular
carcinoma. Oncogene 2021;40:140–151.

24. Lim HY, Merle P, Weiss KH, Yau T, Ross P,
Mazzaferro V, Blanc JF, Ma YT, Yen CJ, Kocsis J,
Choo SP, Sukeepaisarnjaroen W, Gerolami R, Dufour JF,
Gane EJ, Ryoo BY, Peck-Radosavljevic M, Dao T,
Yeo W, Lamlertthon W, Thongsawat S, Teufel M, Roth K,
Reis D, Childs BH, Krissel H, Llovet JM. Phase II studies
with refametinib or refametinib plus sorafenib in patients
with RAS-mutated hepatocellular carcinoma. Clin Can-
cer Res 2018;24:4650–4661.

25. Ikeda S, Tsigelny IF, Skjevik AA, Kono Y, Mendler M,
Kuo A, Sicklick JK, Heestand G, Banks KC, Talasaz A,
Lanman RB, Lippman S, Kurzrock R. Next-generation
sequencing of circulating tumor DNA reveals frequent
alterations in advanced hepatocellular carcinoma.
Oncologist 2018;23:586–593.
26. Hussain SP, Schwank J, Staib F, Wang XW, Harris CC.
TP53 mutations and hepatocellular carcinoma: insights
into the etiology and pathogenesis of liver cancer.
Oncogene 2007;26:2166–2176.

27. Javanmard D, Najafi M, Babaei MR, Karbalaie Niya MH,
Esghaei M, Panahi M, Safarnezhad Tameshkel F,
Tavakoli A, Jazayeri SM, Ghaffari H, Ataei-Pirkooh A,
Monavari SH, Bokharaei-Salim F. Investigation of
CTNNB1 gene mutations and expression in hepatocel-
lular carcinoma and cirrhosis in association with hepatitis
B virus infection. Infect Agent Cancer 2020;15:37.

28. Nault JC, Ningarhari M, Rebouissou S, Zucman-Rossi J.
The role of telomeres and telomerase in cirrhosis and
liver cancer. Nat Rev Gastroenterol Hepatol 2019;
16:544–558.

29. Oh CR, Kong SY, Im HS, Kim HJ, Kim MK, Yoon KA,
Cho EH, Jang JH, Lee J, Kang J, Park SR, Ryoo BY.
Genome-wide copy number alteration and VEGFA
amplification of circulating cell-free DNA as a biomarker
in advanced hepatocellular carcinoma patients treated
with sorafenib. BMC Cancer 2019;19:292.

30. Jin C, Liu X, Zheng W, Su L, Liu Y, Guo X, Gu X, Li H,
Xu B, Wang G, Yu J, Zhang Q, Bao D, Wan S, Xu F, Lai X,
Liu J, Xing J. Characterization of fragment sizes, copy
number aberrations and 4-mer end motifs in cell-free
DNA of hepatocellular carcinoma for enhanced liquid
biopsy-based cancer detection. Mol Oncol 2021;
15:2377–2389.

31. Xu H, Zhu X, Xu Z, Hu Y, Bo S, Xing T, Zhu K. Non-
invasive analysis of genomic copy number variation in
patients with hepatocellular carcinoma by next genera-
tion DNA sequencing. J Cancer 2015;6:247–253.

32. Meng Z, Ren Q, Zhong G, Li S, Chen Y, Wu W, Feng Y,
Mao M, Zhang F, Long G. Noninvasive detection of he-
patocellular carcinoma with circulating tumor DNA fea-
tures and alpha-fetoprotein. J Mol Diagn 2021;
23:1174–1184.

33. Jiang P, Chan CW, Chan KC, Cheng SH, Wong J,
Wong VW, Wong GL, Chan SL, Mok TS, Chan HL,
Lai PB, Chiu RW, Lo YM. Lengthening and shortening of
plasma DNA in hepatocellular carcinoma patients. Proc
Natl Acad Sci U S A 2015;112:E1317–E1325.

34. Wang Y, Zhou K, Wang X, Liu Y, Guo D, Bian Z, Su L,
Liu K, Gu X, Guo X, Wang L, Zhang H, Tao K, Xing J.
Multiple-level copy number variations in cell-free DNA for
prognostic prediction of HCC with radical treatments.
Cancer Sci 2021;112:4772–4784.

35. Dor Y, Cedar H. Principles of DNA methylation and their
implications for biology and medicine. Lancet 2018;
392:777–786.

36. Weirich CS, Erzberger JP, Barral Y. The septin family of
GTPases: architecture and dynamics. Nat Rev Mol Cell
Biol 2008;9:478–489.

37. Oussalah A, Rischer S, Bensenane M, Conroy G, Filhine-
Tresarrieu P, Debard R, Forest-Tramoy D, Josse T,
Reinicke D, Garcia M, Luc A, Baumann C, Ayav A,
Laurent V, Hollenbach M, Ripoll C, Gueant-
Rodriguez RM, Namour F, Zipprich A, Fleischhacker M,
Bronowicki JP, Gueant JL. Plasma mSEPT9: a novel
circulating cell-free DNA-based epigenetic biomarker to

http://refhub.elsevier.com/S2352-345X(22)00035-2/sref17
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref17
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref17
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref17
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref17
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref17
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref17
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref17
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref17
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref18
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref18
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref18
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref18
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref18
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref18
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref18
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref18
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref18
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref19
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref19
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref19
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref19
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref19
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref19
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref19
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref20
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref20
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref20
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref20
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref20
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref20
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref21
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref21
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref21
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref21
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref21
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref22
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref22
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref22
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref22
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref22
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref22
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref22
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref23
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref23
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref23
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref23
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref23
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref23
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref23
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref23
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref24
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref24
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref24
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref24
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref24
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref24
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref24
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref24
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref24
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref24
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref25
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref25
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref25
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref25
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref25
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref25
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref25
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref26
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref26
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref26
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref26
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref26
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref27
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref27
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref27
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref27
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref27
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref27
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref27
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref28
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref28
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref28
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref28
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref28
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref29
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref29
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref29
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref29
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref29
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref29
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref30
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref30
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref30
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref30
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref30
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref30
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref30
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref30
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref31
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref31
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref31
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref31
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref31
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref32
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref32
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref32
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref32
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref32
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref32
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref33
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref33
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref33
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref33
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref33
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref33
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref34
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref34
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref34
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref34
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref34
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref34
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref35
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref35
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref35
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref35
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref36
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref36
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref36
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref36
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref37
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref37
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref37
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref37
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref37
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref37
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref37


1622 Lyu et al Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 6
diagnose hepatocellular carcinoma. EBioMedicine 2018;
30:138–147.

38. Li B, Huang H, Huang R, Zhang W, Zhou G, Wu Z, Lv C,
Han X, Jiang L, Li Y, Li B, Zhang Z. SEPT9 gene
methylation as a noninvasive marker for hepatocellular
carcinoma. Dis Markers 2020;2020:6289063.

39. Wong IH, Lo YM, Yeo W, Lau WY, Johnson PJ. Frequent
p15 promoter methylation in tumor and peripheral blood
from hepatocellular carcinoma patients. Clin Cancer Res
2000;6:3516–3521.

40. Wu HC, Yang HI, Wang Q, Chen CJ, Santella RM.
Plasma DNA methylation marker and hepatocellular
carcinoma risk prediction model for the general popula-
tion. Carcinogenesis 2017;38:1021–1028.

41. Zhang YJ, Wu HC, Shen J, Ahsan H, Tsai WY, Yang HI,
Wang LY, Chen SY, Chen CJ, Santella RM. Predicting
hepatocellular carcinoma by detection of aberrant pro-
moter methylation in serum DNA. Clin Cancer Res 2007;
13:2378–2384.

42. Wen L, Li J, Guo H, Liu X, Zheng S, Zhang D, Zhu W,
Qu J, Guo L, Du D, Jin X, Zhang Y, Gao Y, Shen J, Ge H,
Tang F, Huang Y, Peng J. Genome-scale detection of
hypermethylated CpG islands in circulating cell-free DNA
of hepatocellular carcinoma patients. Cell Res 2015;
25:1250–1264.

43. Hu N, Fan XP, Fan YC, Chen LY, Qiao CY, Han LY,
Wang K. Hypomethylated ubiquitin-conjugating
enzyme2 Q1 (UBE2Q1) gene promoter in the serum is
a promising biomarker for hepatitis B virus-associated
hepatocellular carcinoma. Tohoku J Exp Med 2017;
242:93–100.

44. Chan KC, Jiang P, Sun K, Cheng YK, Tong YK,
Cheng SH, Wong AI, Hudecova I, Leung TY, Chiu RW,
Lo YM. Second generation noninvasive fetal genome
analysis reveals de novo mutations, single-base parental
inheritance, and preferred DNA ends. Proc Natl Acad Sci
U S A 2016;113:E8159–E8168.

45. Jiang P, Sun K, Tong YK, Cheng SH, Cheng THT,
Heung MMS, Wong J, Wong VWS, Chan HLY,
Chan KCA, Lo YMD, Chiu RWK. Preferred end co-
ordinates and somatic variants as signatures of circu-
lating tumor DNA associated with hepatocellular
carcinoma. Proc Natl Acad Sci U S A 2018;
115:E10925–E10933.

46. Jiang P, Sun K, Peng W, Cheng SH, Ni M, Yeung PC,
Heung MMS, Xie T, Shang H, Zhou Z, Chan RWY,
Wong J, Wong VWS, Poon LC, Leung TY, Lam WKJ,
Chan JYK, Chan HLY, Chan KCA, Chiu RWK, Lo YMD.
Plasma DNA end-motif profiling as a fragmentomic
marker in cancer, pregnancy, and transplantation. Can-
cer Discov 2020;10:664–673.

47. Li CL, Ho MC, Lin YY, Tzeng ST, Chen YJ, Pai HY,
Wang YC, Chen CL, Lee YH, Chen DS, Yeh SH, Chen PJ.
Cell-free virus-host chimera DNA from hepatitis B virus
integration sites as a circulating biomarker of hepato-
cellular cancer. Hepatology 2020;72:2063–2076.

48. Zhang H, Dong P, Guo S, Tao C, Chen W, Zhao W,
Wang J, Cheung R, Villanueva A, Fan J, Ding H,
Schrodi SJ, Zhang D, Zeng C. Hypomethylation in HBV
integration regions aids non-invasive surveillance to
hepatocellular carcinoma by low-pass genome-wide
bisulfite sequencing. BMC Med 2020;18:200.

49. Zheng B, Liu XL, Fan R, Bai J, Wen H, Du LT, Jiang GQ,
Wang CY, Fan XT, Ye YN, Qian YS, Wang YC, Liu GJ,
Deng GH, Shen F, Hu HP, Wang H, Zhang QZ, Ru LL,
Zhang J, Gao YH, Xia J, Yan HD, Liang MF, Yu YL,
Sun FM, Gao YJ, Sun J, Zhong CX, Wang Y, Kong F,
Chen JM, Zheng D, Yang Y, Wang CX, Wu L, Hou JL,
Liu JF, Wang HY, Chen L. The landscape of cell-free
HBV integrations and mutations in cirrhosis and hepa-
tocellular carcinoma patients. Clin Cancer Res 2021;
27:3772–3783.

50. Liu Y, Zhou K, Guo S, Wang Y, Ji X, Yuan Q, Su L,
Guo X, Gu X, Xing J. NGS-based accurate and effi-
cient detection of circulating cell-free mitochondrial
DNA in cancer patients. Mol Ther Nucleic Acids 2021;
23:657–666.

51. Labgaa I, Villacorta-Martin C, D’Avola D, Craig AJ, von
Felden J, Martins-Filho SN, Sia D, Stueck A, Ward SC,
Fiel MI, Mahajan M, Tabrizian P, Thung SN, Ang C,
Friedman SL, Llovet JM, Schwartz M, Villanueva A.
A pilot study of ultra-deep targeted sequencing of
plasma DNA identifies driver mutations in hepatocellular
carcinoma. Oncogene 2018;37:3740–3752.

52. Ng CKY, Di Costanzo GG, Tosti N, et al. Genetic profiling
using plasma-derived cell-free DNA in therapy-naive
hepatocellular carcinoma patients: a pilot study. Ann
Oncol 2018;29(5):1286–1291.

53. Zeng CX, Tang LY, Xie CY, Li FX, Zhao JY, Jiang N,
Tong Z, Fu SB, Wen FJ, Feng WS. Overexpression of
EPS8L3 promotes cell proliferation by inhibiting the
transactivity of FOXO1 in HCC. Neoplasma 2018;
65:701–707.

54. Rothwell DG, Ayub M, Cook N, Thistlethwaite F, Carter L,
Dean E, Smith N, Villa S, Dransfield J, Clipson A, White D,
Nessa K, Ferdous S, Howell M, Gupta A, Kilerci B,
Mohan S, Frese K, Gulati S, Miller C, Jordan A, Eaton H,
Hickson N, O’Brien C, Graham D, Kelly C, Aruketty S,
Metcalf R, Chiramel J, Tinsley N, Vickers AJ, Kurup R,
Frost H, Stevenson J, Southam S, Landers D, Wallace A,
Marais R, Hughes AM, Brady G, Dive C, Krebs MG. Utility
of ctDNA to support patient selection for early phase
clinical trials: the TARGET study. Nat Med 2019;
25:738–743.

55. Heitzer E, Ulz P, Belic J, Gutschi S, Quehenberger F,
Fischereder K, Benezeder T, Auer M, Pischler C,
Mannweiler S, Pichler M, Eisner F, Haeusler M,
Riethdorf S, Pantel K, Samonigg H, Hoefler G,
Augustin H, Geigl JB, Speicher MR. Tumor-associated
copy number changes in the circulation of patients with
prostate cancer identified through whole-genome
sequencing. Genome Med 2013;5:30.

56. Iyer P, Zekri AR, Hung CW, Schiefelbein E, Ismail K,
Hablas A, Seifeldin IA, Soliman AS. Concordance of DNA
methylation pattern in plasma and tumor DNA of Egyp-
tian hepatocellular carcinoma patients. Exp Mol Pathol
2010;88:107–111.

57. Yeo W, Wong N, Wong WL, Lai PB, Zhong S,
Johnson PJ. High frequency of promoter hyper-
methylation of RASSF1A in tumor and plasma of patients

http://refhub.elsevier.com/S2352-345X(22)00035-2/sref37
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref37
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref37
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref38
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref38
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref38
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref38
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref39
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref39
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref39
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref39
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref39
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref40
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref40
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref40
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref40
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref40
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref41
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref41
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref41
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref41
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref41
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref41
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref42
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref42
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref42
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref42
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref42
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref42
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref42
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref43
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref43
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref43
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref43
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref43
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref43
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref43
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref44
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref44
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref44
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref44
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref44
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref44
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref44
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref45
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref45
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref45
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref45
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref45
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref45
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref45
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref45
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref46
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref46
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref46
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref46
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref46
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref46
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref46
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref46
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref47
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref47
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref47
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref47
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref47
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref47
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref48
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref48
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref48
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref48
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref48
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref48
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref49
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref49
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref49
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref49
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref49
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref49
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref49
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref49
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref49
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref49
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref49
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref50
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref50
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref50
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref50
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref50
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref50
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref51
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref51
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref51
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref51
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref51
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref51
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref51
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref51
http://refhub.elsevier.com/S2352-345X(22)00035-2/optezonILQrfs
http://refhub.elsevier.com/S2352-345X(22)00035-2/optezonILQrfs
http://refhub.elsevier.com/S2352-345X(22)00035-2/optezonILQrfs
http://refhub.elsevier.com/S2352-345X(22)00035-2/optezonILQrfs
http://refhub.elsevier.com/S2352-345X(22)00035-2/optezonILQrfs
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref52
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref52
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref52
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref52
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref52
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref52
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref53
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref53
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref53
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref53
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref53
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref53
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref53
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref53
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref53
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref53
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref53
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref53
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref54
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref54
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref54
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref54
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref54
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref54
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref54
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref54
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref55
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref55
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref55
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref55
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref55
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref55
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref56
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref56
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref56


2022 Liquid Biopsy in Hepatocellular Carcinoma 1623
with hepatocellular carcinoma. Liver Int 2005;
25:266–272.

58. Cai J, Chen L, Zhang Z, Zhang X, Lu X, Liu W, Shi G,
Ge Y, Gao P, Yang Y, Ke A, Xiao L, Dong R, Zhu Y,
Yang X, Wang J, Zhu T, Yang D, Huang X, Sui C, Qiu S,
Shen F, Sun H, Zhou W, Zhou J, Nie J, Zeng C,
Stroup EK, Zhang X, Chiu BC, Lau WY, He C, Wang H,
Zhang W, Fan J. Genome-wide mapping of 5-
hydroxymethylcytosines in circulating cell-free DNA as
a non-invasive approach for early detection of hepato-
cellular carcinoma. Gut 2019;68:2195–2205.

59. Qu C, Wang Y, Wang P, Chen K, Wang M, Zeng H, Lu J,
Song Q, Diplas BH, Tan D, Fan C, Guo Q, Zhu Z, Yin H,
Jiang L, Chen X, Zhao H, He H, Wang Y, Li G, Bi X,
Zhao X, Chen T, Tang H, Lv C, Wang D, Chen W, Zhou J,
Zhao H, Cai J, Wang X, Wang S, Yan H, Zeng YX,
Cavenee WK, Jiao Y. Detection of early-stage hepato-
cellular carcinoma in asymptomatic HBsAg-seropositive
individuals by liquid biopsy. Proc Natl Acad Sci U S A
2019;116:6308–6312.

60. Kisiel JB, Dukek BA, VSRK R, Ghoz HM, Yab TC,
Berger CK, Taylor WR, Foote PH, Giama NH,
Onyirioha K, Abdallah MA, Burger KN, Slettedahl SW,
Mahoney DW, Smyrk TC, Lewis JT, Giakoumopoulos M,
Allawi HT, Lidgard GP, Roberts LR, Ahlquist DA. Hepa-
tocellular carcinoma detection by plasma methylated
DNA: discovery, phase I pilot, and phase II clinical vali-
dation. Hepatology 2019;69:1180–1192.

61. Bai Y, Tong W, Xie F, Zhu L, Wu H, Shi R, Wang L,
Yang L, Liu Z, Miao F, Zhao Q, Zhang Y. DNA methyl-
ation biomarkers for diagnosis of primary liver cancer
and distinguishing hepatocellular carcinoma from intra-
hepatic cholangiocarcinoma. Aging (Albany NY) 2021;
13:17592–17606.

62. Lewin J, Kottwitz D, Aoyama J, deVos T, Garces J,
Hasinger O, Kasielke S, Knaust F, Rathi P, Rausch S,
Weiss G, Zipprich A, Mena E, Fong TL. Plasma cell free
DNA methylation markers for hepatocellular carcinoma
surveillance in patients with cirrhosis: a case control
study. BMC Gastroenterol 2021;21:136.

63. Wang J, Yang L, Diao Y, Liu J, Li J, Li R, Zheng L,
Zhang K, Ma Y, Hao X. Circulating tumour DNA
methylation in hepatocellular carcinoma diagnosis using
digital droplet PCR. J Int Med Res 2021;49:
300060521992962.

64. Chalasani NP, Ramasubramanian TS, Bhattacharya A,
Olson MC, Edwards VD, Roberts LR, Kisiel JB,
Reddy KR, Lidgard GP, Johnson SC, Bruinsma JJ.
A novel blood-based panel of methylated DNA and
protein markers for detection of early-stage hepatocel-
lular carcinoma. Clin Gastroenterol Hepatol 2021;
19:2597–2605.e4.

65. Chen L, Abou-Alfa GK, Zheng B, Liu JF, Bai J, Du LT,
Qian YS, Fan R, Liu XL, Wu L, Hou JL, Wang HY,
PreCar T. Genome-scale profiling of circulating cell-free
DNA signatures for early detection of hepatocellular
carcinoma in cirrhotic patients. Cell Res 2021;
31:589–592.

66. Shen T, Li SF, Wang JL, Zhang T, Zhang S, Chen HT,
Xiao QY, Ren WH, Liu C, Peng B, Ji XN, Yang Y, Lu PX,
Chen TY, Yu L, Ji Y, Jiang DK. TP53 R249S mutation
detected in circulating tumour DNA is associated with
prognosis of hepatocellular carcinoma patients with or
without hepatectomy. Liver Int 2020;40:2834–2847.

67. Wang J, Huang A, Wang YP, Yin Y, Fu PY, Zhang X,
Zhou J. Circulating tumor DNA correlates with micro-
vascular invasion and predicts tumor recurrence of
hepatocellular carcinoma. Ann Transl Med 2020;8:
237.

68. Xu RH, Wei W, Krawczyk M, Wang W, Luo H, Flagg K,
Yi S, Shi W, Quan Q, Li K, Zheng L, Zhang H,
Caughey BA, Zhao Q, Hou J, Zhang R, Xu Y, Cai H, Li G,
Hou R, Zhong Z, Lin D, Fu X, Zhu J, Duan Y, Yu M,
Ying B, Zhang W, Wang J, Zhang E, Zhang C, Li O,
Guo R, Carter H, Zhu JK, Hao X, Zhang K. Circulating
tumour DNA methylation markers for diagnosis and
prognosis of hepatocellular carcinoma. Nat Mater 2017;
16:1155–1161.

69. Zhao Y, Xue F, Sun J, Guo S, Zhang H, Qiu B, Geng J,
Gu J, Zhou X, Wang W, Zhang Z, Tang N, He Y, Yu J,
Xia Q. Genome-wide methylation profiling of the different
stages of hepatitis B virus-related hepatocellular carci-
noma development in plasma cell-free DNA reveals po-
tential biomarkers for early detection and high-risk
monitoring of hepatocellular carcinoma. Clin Epigenetics
2014;6:30.

70. Zhou L, Zhao H, Shao Y, Chen X, Hong R, Wang L, Ni F,
Nagler A, Hu Y, Huang H. Serial surveillance by circu-
lating tumor DNA profiling after chimeric antigen receptor
T therapy for the guidance of r/r diffuse large B cell
lymphoma precise treatment. J Cancer 2021;
12:5423–5431.

71. Zhu Y, Jia R, Shao YW, Zhu L, Ou Q, Yu M, Wu X,
Zhang Y. Durable complete response to alectinib in a
lung adenocarcinoma patient with brain metastases and
low-abundance EML4-ALK variant in liquid biopsy: a
case report. Front Oncol 2020;10:1259.

72. Goodsaid FM. The labyrinth of product development and
regulatory approvals in liquid biopsy diagnostics. Clin
Transl Sci 2019;12:431–439.

73. Wang J, Wang J, Wang J, Qian Z, Xu W, Hang X.
Combination treatment for advanced hepatocellular
carcinoma with portal vein tumour thrombus: a case
report. J Int Med Res 2021;49:300060521994406.

74. Ignatiadis M, Sledge GW, Jeffrey SS. Liquid biopsy en-
ters the clinic - implementation issues and future chal-
lenges. Nat Rev Clin Oncol 2021;18:297–312.

75. Heidrich I, Ackar L, Mossahebi Mohammadi P, Pantel K.
Liquid biopsies: potential and challenges. Int J Cancer
2021;148:528–545.

76. Zhang Y, Liu Z, Ji K, Li X, Wang C, Ren Z, Liu Y, Chen X,
Han X, Meng L, Li L, Li Z. Clinical application value of
circulating cell-free DNA in hepatocellular carcinoma.
Front Mol Biosci 2021;8:736330.

77. Rolfo C, Mack PC, Scagliotti GV, Baas P, Barlesi F,
Bivona TG, Herbst RS, Mok TS, Peled N, Pirker R,
Raez LE, Reck M, Riess JW, Sequist LV, Shepherd FA,
Sholl LM, Tan DSW, Wakelee HA, Wistuba II,
Wynes MW, Carbone DP, Hirsch FR, Gandara DR. Liquid
biopsy for advanced non-small cell lung cancer (NSCLC):

http://refhub.elsevier.com/S2352-345X(22)00035-2/sref56
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref56
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref56
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref57
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref57
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref57
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref57
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref57
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref57
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref57
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref57
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref57
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref57
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref58
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref58
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref58
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref58
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref58
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref58
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref58
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref58
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref58
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref58
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref59
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref59
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref59
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref59
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref59
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref59
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref59
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref59
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref59
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref60
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref60
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref60
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref60
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref60
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref60
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref60
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref61
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref61
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref61
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref61
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref61
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref61
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref62
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref62
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref62
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref62
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref62
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref63
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref63
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref63
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref63
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref63
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref63
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref63
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref63
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref64
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref64
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref64
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref64
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref64
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref64
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref64
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref65
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref65
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref65
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref65
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref65
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref65
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref65
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref66
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref66
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref66
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref66
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref66
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref67
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref67
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref67
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref67
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref67
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref67
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref67
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref67
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref67
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref67
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref68
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref68
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref68
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref68
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref68
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref68
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref68
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref68
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref69
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref69
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref69
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref69
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref69
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref69
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref69
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref70
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref70
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref70
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref70
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref70
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref71
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref71
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref71
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref71
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref72
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref72
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref72
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref72
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref73
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref73
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref73
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref73
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref74
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref74
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref74
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref74
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref75
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref75
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref75
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref75
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref76
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref76
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref76
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref76
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref76
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref76


1624 Lyu et al Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 6
a statement paper from the IASLC. J Thorac Oncol 2018;
13:1248–1268.

78. Salvianti F, Gelmini S, Costanza F, Mancini I, Sonnati G,
Simi L, Pazzagli M, Pinzani P. The pre-analytical phase of
the liquid biopsy. N Biotechnol 2020;55:19–29.

79. Cheng ML, Pectasides E, Hanna GJ, Parsons HA,
Choudhury AD, Oxnard GR. Circulating tumor DNA in
advanced solid tumors: clinical relevance and future di-
rections. CA Cancer J Clin 2021;71:176–190.

80. Nesic M, Bodker JS, Terp SK, Dybkaer K. Optimization of
preanalytical variables for cfDNA processing and detec-
tion of ctDNA in archival plasma samples. Biomed Res
Int 2021;2021:5585148.

81. Connors D, Allen J, Alvarez JD, Boyle J, Cristofanilli M,
Hiller C, Keating S, Kelloff G, Leiman L, McCormack R,
Merino D, Morgan E, Pantel K, Rolfo C, Serrano MJ,
Pia Sanzone A, Schlange T, Sigman C, Stewart M.
International liquid biopsy standardization alliance
white paper. Crit Rev Oncol Hematol 2020;156:
103112.

82. Geeurickx E, Hendrix A. Targets, pitfalls and reference
materials for liquid biopsy tests in cancer diagnostics.
Mol Aspects Med 2020;72:100828.

83. Lampignano R, Neumann MHD, Weber S, Kloten V,
Herdean A, Voss T, Groelz D, Babayan A, Tibbesma M,
Schlumpberger M, Chemi F, Rothwell DG, Wikman H,
Galizzi JP, Riise Bergheim I, Russnes H, Mussolin B,
Bonin S, Voigt C, Musa H, Pinzani P, Lianidou E,
Brady G, Speicher MR, Pantel K, Betsou F, Schuuring E,
Kubista M, Ammerlaan W, Sprenger-Haussels M,
Schlange T, Heitzer E. Multicenter evaluation of circu-
lating cell-free DNA extraction and downstream analyses
for the development of standardized (pre)analytical work
flows. Clin Chem 2020;66:149–160.

84. Chai SY, Peng R, Zhang R, Zhou L, Pillay N, Tay KH,
Badrick T, Li J, Horan MP. External quality assurance of
current technology for the testing of cancer-associated
circulating free DNA variants. Pathol Oncol Res 2020;
26:1595–1603.

85. Wan JCM, Massie C, Garcia-Corbacho J, Mouliere F,
Brenton JD, Caldas C, Pacey S, Baird R, Rosenfeld N.
Liquid biopsies come of age: towards implementation of
circulating tumour DNA. Nat Rev Cancer 2017;
17:223–238.
Received December 8, 2021. Accepted February 10, 2022.

Correspondence
Address correspondence to: Daniel Wai-Hung Ho, PhD, Department of
Pathology, L704, Laboratory Block, Faculty of Medicine, The University of
Hong Kong, 21 Sassoon Road, Pokfulam, Hong Kong. e-mail:
waihungh@gmail.com; fax: (852) 2819-5375. or Irene Oi-Lin Ng, MD, PhD,
Department of Pathology, Room 7-13, Block T, Queen Mary Hospital,
Pokfulam, Hong Kong. e-mail: iolng@hku.hk; fax: 852-28872-5197.

Conflicts of interest
The authors disclose no conflicts.

Funding
This study was supported by the Hong Kong Research Grants Council Theme-
based Research Scheme (T12-704/16-R), Innovation and Technology
Commission grant for the State Key Laboratory of Liver Research, University
Development Fund of The University of Hong Kong, and Loke Yew Endowed
Professorship award. Irene Oi-Lin Ng is a Loke Yew Professor in Pathology.

http://refhub.elsevier.com/S2352-345X(22)00035-2/sref76
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref76
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref76
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref77
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref77
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref77
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref77
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref78
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref78
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref78
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref78
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref78
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref79
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref79
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref79
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref79
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref80
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref80
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref80
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref80
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref80
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref80
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref80
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref81
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref81
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref81
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref82
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref82
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref82
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref82
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref82
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref82
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref82
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref82
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref82
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref82
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref82
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref82
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref83
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref83
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref83
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref83
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref83
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref83
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref84
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref84
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref84
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref84
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref84
http://refhub.elsevier.com/S2352-345X(22)00035-2/sref84
mailto:waihungh@gmail.com
mailto:iolng@hku.hk

	Liquid Biopsy Using Cell-Free or Circulating Tumor DNA in the Management of Hepatocellular Carcinoma
	Molecular Characteristics of ctDNA and Their Detection Technologies
	Molecular Landscapes of ctDNA in HCC
	SNVs
	CNVs
	Methylation
	Preferred End Motif or Coordinate
	HBV Integration
	Mitochondrial DNA

	Consistency Between Plasma and Tumor Tissue in HCC
	Use of cfDNA in the Clinical Management of HCC
	Detection and Diagnosis
	Prognostication
	Guiding Drug Administration
	Disease Monitoring
	Barrier of Implementation of Liquid Biopsy by cfDNA Genotyping and Future Perspectives
	Potential Challenges to Implementation
	Toward Standardization in Liquid Biopsy of cfDNA Profiling
	Further Studies and Future Perspective

	Conclusions
	References

	JCMGH977_proof_v13i6.pdf
	Liquid Biopsy Using Cell-Free or Circulating Tumor DNA in the Management of Hepatocellular Carcinoma
	Molecular Characteristics of ctDNA and Their Detection Technologies
	Molecular Landscapes of ctDNA in HCC
	SNVs
	CNVs
	Methylation
	Preferred End Motif or Coordinate
	HBV Integration
	Mitochondrial DNA

	Consistency Between Plasma and Tumor Tissue in HCC
	Use of cfDNA in the Clinical Management of HCC
	Detection and Diagnosis
	Prognostication
	Guiding Drug Administration
	Disease Monitoring
	Barrier of Implementation of Liquid Biopsy by cfDNA Genotyping and Future Perspectives
	Potential Challenges to Implementation
	Toward Standardization in Liquid Biopsy of cfDNA Profiling
	Further Studies and Future Perspective

	Conclusions
	References





