Current Oncology Reports (2025) 27:791-802
https://doi.org/10.1007/511912-025-01681-3

REVIEW

®

Check for
updates

Liquid Biopsy in Hepatocellular Carcinoma: ctDNA as a Potential
Biomarker for Diagnosis and Prognosis

- Romario Nguyen'® . Fatema Safri'® - Muhammad J. A. Shiddiky*® - Majid E. Warkiani?

- Liang Qiao'*

William Yang'
Jacob George'*

Accepted: 21 April 2025 / Published online: 9 May 2025
© The Author(s) 2025

Abstract

Purpose of Review Hepatocellular carcinoma (HCC) is a leading cause of cancer-related mortality worldwide, with rising
incidence and mortality. Early-stage HCC is often asymptomatic, and the lack of reliable early diagnostic markers leads
to late-stage diagnosis with limited treatment options. Current treatment relies on tumour staging and patient status, but
accurate staging requires invasive procedures that fail to capture tumour heterogeneity and progression. There is an urgent
need for less invasive diagnostic strategies, such as liquid biopsy technologies, which allow for repeated sampling and real-
time analysis of tumour dynamics. Liquid biopsies, including circulating tumour cells (CTCs) and circulating tumour DNA
(ctDNA), offer the potential to monitor recurrence, metastasis, and treatment responses, potentially transforming HCC clini-
cal management by enabling earlier intervention and personalised treatment strategies.

Recent Findings Recent studies emphasise the potential of ctDNA as a non-invasive biomarker by targeting DNA meth-
ylation for early HCC detection, enabling timely intervention and personalised treatment to improve patient outcomes.
Comparative analyses have shown that ctDNA mutation testing outperforms alpha-fetoprotein (AFP), with a sensitivity of
85% and a specificity of 92%, compared to 60% sensitivity and 80% specificity for AFP. Additionally, profiling the ctDNA
mutation landscape of 100 HCC patients has identified recurrent mutations in genes such as TP53, CTNNBI, and AXINI.
Summary ctDNA appears to be a promising non-invasive biomarker in the clinical management of HCC patients, with the
sensitivity and specificity improving by 41.67% and 15% respectively. The ctDNA mutations, particularly those targeting
DNA methylation, highlight great potential for precision medicine, critical for early diagnosis and prognosis of HCC.
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ally as of 2023 [1]. In Australia, the incidence and mortality
rates of HCC have been on the rise. According to the Austra-
lian Institute of Health and Welfare (AIHW) Cancer report,
the age-standardised incidence rate for HCC increased
from 10 cases per 100,000 patients in 2019 to 12 cases per
100,000 patients in 2023 [2]. Between 2021 and 2023, the
age-standardised mortality rate went from 9.2 deaths per
100,000 patients to 9.7 deaths per 100,000 patients respec-
tively [2]. Early diagnosis and timely intervention are the
key to treatment success since early-stage HCC may allow
curative therapies such as surgical resection, liver ablation
or transplantation. When detected and treated at an early
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stage, the 5-year survival rate for HCC is reported to range
between 50% and 70% [3]. However, only 5-10% of HCC
patients in Western countries and approximately 30% in
Asian countries are diagnosed at these early stages [4]. For
patients with advanced HCC, therapeutic options remain
severely limited [5]. These statistics underscore the urgent
need for reliable biomarkers to enable the early detection
of HCC.

Current diagnostic tools for HCC, including medical
imaging, serum alpha-fetoprotein (AFP) levels, and tissue
biopsies, have notable limitations [6]. Conventional biop-
sies are invasive, prone to sampling errors, and unsuitable
for repeated use. Serum markers, while minimally invasive,
lack the sensitivity to reliably detect early-stage HCC or
monitor tumour recurrence [3]. In contrast, liquid biopsies
present a transformative opportunity to address these limita-
tions. As non-invasive tools, liquid biopsies enable repeated
sampling, provide comprehensive genetic and molecular
profiles of primary and metastatic tumours, and facilitate the
real-time monitoring of tumour evolution [7]. As such, lig-
uid biopsies are increasingly recognised as a superior alter-
native to traditional invasive tests and serum biomarkers in
disease diagnosis and monitoring [8, 9].

Most often, liquid biopsies utilise non-solid tissue sam-
ples such as blood and other body fluids (e.g., cerebrospinal
fluid, saliva, ascites, stool and urine samples) for disease
diagnosis and monitoring [4]. Key elements of liquid biop-
sies typically include circulating tumour cells (CTCs),
circulating tumour DNA (ctDNA), cell-free microRNAs
and extracellular RNAs (e.g., tumour-educated platelets)
and exosomes. These materials carry the molecular and
genetic signatures of the tumour tissues and can thus yield

critical insights. For instance, analysing therapeutic targets
and mutations in drug resistance-conferring genes within
CTCs and ctDNA enhances our understanding of disease
mechanisms and facilitates the development of personalised
treatment plans. In recent years, advances in liquid biopsy
technologies have enabled more precise and individual-
ised approaches to HCC management, particularly in early
detection, prognosis, and treatment response prediction.

In this review, we will focus on the two principal compo-
nents of liquid biopsies: CTCs and ctDNA (Fig. 1) by sum-
marising their applications in the diagnosis, prognosis, and
management of HCC, highlighting their potential to trans-
form the clinical landscape of this devastating disease.

Circulating Tumour Cells (CTCs)

CTCs are cancer cells shed from original or metastatic
tumours that have spread and then circulate freely in
bloodstream. CTCs are extremely rare, typically amount-
ing to only several hundred cells per millilitre depending
on the method of detection/isolation and definition used.
CellSearch™ currently defines a CTC as “any nucleated
circulating cell larger than 4 um that expresses EpCAM,
Cytokeratins 18, 19, or 20” [5]. While CTCs are difficult to
capture from whole blood samples, they provide invaluable
insights into the genetic information of the original tumours
such as DNA, RNA and proteins profiles. The clinical utility
of CTCs in early detection of cancers is limited due to their
extremely low numbers and short lifespan (CTCs typically
last 1 to 2 h in the blood) during the early stages of can-
cer [6]. Multifactorial factors may contribute to the rarity
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Table 1 CTC detection rates in blood samples from HCC patients

No. of cases ~ Methodology Detection rate References
(%)

20 CellSearch™ 40 Kelley et al.
[25]

299 CellSearch™ 42.6 Guo et al. [26]

42 CellSearch™ 52.3 Fang et al. [27]

139 CellSearch™ 54.0 Yu et al. [28]

57 CellSearch™ 15.8 von Felden et
al. [29]

81 RT-PCR (mK19, 222 Choi et al. [30]

mCD44)
112 CanPatrol™ 90.18 Qietal. [31]
69 ImageStream 65.2 Ogle et al. [32]

Table 2 CtDNA detection methods and identified targets in HCC
patients

No. of Methodology Target/s Refer-

cases ences

14 Next-generation sequencing MYC, CDK6, Ikeda et
(NGS) RAF1, EGFR, al. [33]

FGFRI1, CCNEIl,
PIK3CA, BRAF
Single nucleotide mutation =~ CDKN2A,
(SNV) PTEN, ARID1A,
MET, CTNNBI,
TP53

48 Single nucleotide mutation =~ TERT, CTNNB1, Huang et
(SNV) TP53 al. [34]
Droplet digital PCR
(ddPCR)

41 Single nucleotide mutation =~ TERT, CTNNBI1, Liao et
(SNV) TP53 al. [35]
MiSeq™ system

40 Methylation specific PCR HOXA9 Kuo et al.
(MS-PCR) [36]

180 Methylation specific PCR RASSFI1A, Luetal.
(MS-PCR) COX2, APC [37]

237 Pyrosequencing TBX2 Wu et al.
Real-time PCR [38]
Methylation specific PCR
(MS-PCR)

98 Methylation specific PCR SEPT9 Oussalah
(MS-PCR) etal. [39]

26 Next-generation sequencing ARIDIA, Ikeda et
(NGS) CTNNBI, TP53  al. [40]

of the CTCs, including rapid apoptosis after shedding, cel-
lular damage induced by hemodynamic shear force in blood
stream, attacks from the immune system and in case of
chemotherapy, targeting drugs-induced killing [10]. It was
estimated that less than 0.01% of CTCs that enter circula-
tion survive and result in metastasis, thus restricting their
application as an early cancer detection tool [7]. Neverthe-
less, the presence of CTCs after primary tumour resection
indicates tumour recurrence [8]. Highly sensitive detection
techniques are needed to increase clinical utility of CTCs in
the early diagnosis and disease monitoring of cancers.

Circulating Tumour DNA (ctDNA)

Circulating tumour DNA (ctDNA) is a type of cell-free
DNA (cfDNA) in the blood stream released from necrotic
and apoptotic cells [9]. Autophagy of malignant cells, acti-
vated as a survival strategy to counter apoptosis, can release
ctDNA [11]. ctDNA may also be released from hypoxic
cells [12] as well as from the primary or metastatic can-
cers [13]. The most significant sources of ctDNA include
necrotic or apoptotic tumour cells which release fragmented
DNA into the blood [5, 14, 15]. In principle, the genetic
information of ctDNAs remains identical to that of their
original cell source. However, ctDNA only accounts for a
very small portion of total cfDNA, and its presence usually
poses little cancer risks.

Currently, classical testing cannot distinguish ctDNAs
from other DNA types found in circulation. Only mutations
specific to tumour cells on cfDNA can indicate its presence
[16]. CfDNA, commonly found in serum or plasma, typi-
cally consists of double-stranded DNA molecules. Mutated
molecules tend to be shorter than their non-mutant counter-
parts [16]. A study conducted by Mouliere et al., showed the
cancer-specific ctDNA molecules typically consists of 167
base pairs (bp). However, fragments between 90 and 150 bp
were found to have better detection rate [17]. It is interest-
ing to note that cancer patients tend to possess higher con-
centrations of normal DNA than healthy individuals, which
may dilute ctDNA when treatments such as chemotherapy
or radiotherapy are administered [13]. To mitigate this in
HCC, plasma or serum samples could be taken prior to each
treatment and over multiple time points in capturing peak
levels of ctDNA concentration. CfDNA has an extremely
short half-life of between 16 min and 2.5 h [18]. Cancer-
associated molecular features that may help differentiate
the ctDNAs from normal circulating DNA include single
nucleotides [19-21] and CpG methylation changes [22-24].

Current Methodologies for Detecting CTCs and
ctDNA in HCC Patients

CTCs and, more recently, ctDNA have been detected with
increasing frequency in HCC patients. The characteristics
and efficacy of these detection methodologies are sum-
marised in Tables 1 and 2, respectively.

Techniques for CTC Analysis

Over the past decade, multiple CTC separation techniques
have been developed. These can generally be divided into
two categories: physical methods and biochemical meth-
ods. Physical methods make use of the physical character-
istics of CTCs, such as size (filter-based devices), density,
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electric charge, migration capacity and deformability [41].
Biochemical methods primarily employ antigen-antibody
interactions by applying specific antibodies to tumour-spe-
cific biomarkers such as epithelial-cell adhesion molecule
(EpCAM), prostate-specific antigen (PSA) and human epi-
dermal growth factor receptor 2 (HER2) [42]. EpCAM is
the most commonly used antigen for CTC purification, as
it is expressed on all epithelial cells but is absent in blood
[43]. CellSearch™ is the only FDA-approved EpCAM-
based technology for counting and capturing CTCs. This
method isolates CTCs from blood using anti-EpCAM
magnetic beads, followed by manual counting. However,
it may fail to detect highly metastatic tumour cells under-
going epithelial-mesenchymal transition (EMT) [44]. To
address this limitation, alternative approaches have been
developed. These strategies involve initial enrichment using
less specific physical methods, followed by targeted isola-
tion technologies such as reverse transcription polymerase
chain reaction (RT-PCR), flow cytometry, and fluorescence
in-situ hybridisation (FISH) [45]. In HCC, EpCAM expres-
sion varies, with 20 —52.5% cases testing positive [46, 47].
Thus, microfluidic technologies and CTC chips have been
designed to improve CTC detection and enhance the effi-
ciency of isolating rare CTCs [48]. Microfluidics-based
CTC isolation offers advantages by leveraging both biologi-
cal and physical differences between CTCs while minimis-
ing non-specific binding on functionalised surfaces [49].
However, other existing CTC isolation techniques require
extensive validation before clinical implementation.

Techniques for ctDNA Analysis

Only a very small portion (usually, <0.01%) of total cfDNA
is present in peripheral blood, where both quantitative
and qualitative changes may occur. Detectable features of
ctDNA within DNA structures include single nucleotide
variations, copy number changes and methylation [45].
Recent innovations have facilitated the development of
many sensitive and specific methods of detection, such as
digital PCR [50], cancer personalised profiling by deep
sequencing (Capp-Seq) [51], emulsion PCR-based BEAM-
ing (beads, emulsions, amplification, and magnetics) [18],
tagged-amplicon deep sequencing (TAM-Seq) [52], safe-
sequencing system (Safe-SeqS) [53] for single nucleotide
changes in ctDNA, as well as whole genome sequencing
(WGS) to detect copy number variations. CtDNA analysis
can be broadly classified into two main categories: targeted
and untargeted. Targeted ctDNA analysis seeks to detect
mutations within predefined sets of genes (such as KRAS),
while untargeted analysis provides genome-wide screening
to detect new genomic abnormalities that may contribute to
resistance against specific targeted therapies [54].

@ Springer

Principles and Advantages of ctDNA Detection
Methods

Methylation-specific PCR (MSP)

MSP is a methodology that utilises PCR amplification of
target genes to assess the methylation state of CpG islands
[55]. Primers used in this approach are designed specifi-
cally for either methylated or unmethylated DNA sequences
following bisulfite treatment, making this effective means
of investigating patterns across diverse genes as well as
quantifying ctDNA sequences that have undergone this
modification. When integrated with real-time PCR, it helps
researchers to simultaneously examine ctDNA patterns
across numerous genes while quantifying ctDNA sequences.

Digital PCR (dPCR)

dPCR is a sensitive technique developed by Vogelstein and
Kinzler for detecting low-level mutations [56]. They first
used this approach as an enhancement of conventional PCR
by isolating single DNA molecules via serial dilutions before
testing for any mutations that may exist in them. Under ideal
conditions, PCR amplification is performed under optimal
conditions. Fluorescently labelled probes hybridised with
fluorescently tagged amplicons enables the detection of
sequence-specific PCR products and direct quantification
of both alleles present in a sample using digital PCR. One
study successfully used digital PCR to screen for PIK3CA,
ESR1 and ERBB2 mutations for ctDNA in breast cancer
reaching high sensitivity and specificity levels [57]. Digital
PCR can be utilised in various methods including droplet-
based systems, microfluidic platforms, beads, emulsions,
amplification and magnetics [55].

Next-Generation Sequencing (NGS)

NGS has emerged as an invaluable method of examining
ctDNA, providing rapid screening for mutations across a
broad range of genomic regions across multiple cancer types
[58]. Furthermore, targeted deep sequencing approaches
such as TAm-Seq, Safe-Seq, lon AmpliSeq and cancer per-
sonalised profiling by deep sequencing, have been used to
ascertain sequence information on selected genomic regions
present in plasma DNA [59], allowing novel means of ana-
lysing ctDNA profiles or patterns in depth.

MSP, dPCR and NGS are currently the three most widely
used methods for detecting DNA aberrations. More spe-
cifically, dPCR is the preferred technique for identifying
specific aberrations due to its high sensitivity and feasibil-
ity in identifying tumour-associated mutations at levels as
low as 0.01% of ctDNA [21]. However, dPCR is limited
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to analysing specific foci at a given time. In contrast, NGS
offers a broader genomic view through deep sequencing
techniques such as Capp-Seq, TAM-Seq and Safe-SeqS
[60], offering valuable insights for personalised medicine
and cancer gene characterisation.

Predictive Value of CTCs in HCC Metastasis and
Recurrence

Although the definition of CTC positivity remains contro-
versial due to various researchers using “>1 CTC” or “>2
CTCs” or “>5 CTCs”, CTCs have long been recognised
as accurate predictors of cancer metastasis and recurrence.
However, detecting CTCs for HCC diagnosis remains chal-
lenging due to their low abundance, necessitating further
research to establish their reliability in clinical settings [61].
Nevertheless, certain subsets of CTCs, such as EpCAM"
CTCs, have been recognised as predictive biomarkers for
HCC prognosis. The presence of EpCAM* CTC in HCC
patients is associated with significantly shorter overall sur-
vival (OS) and a disease-free survival [28]. Studies have
also shown a correlation between higher CTC counts and
poorer patient prognosis [62]. Additionally, EpCAM" CTC
can serve as real-time indicator for tracking HCC recur-
rence. A preoperative CTC count of >2 per 7.5 ml has been
shown to predict tumour recurrence post-surgery, particu-
larly in patients with a low risk of recurrence, such as those
with serum AFP levels at or below 40 ng/mL [63]. However,
only 20 —52.5% of HCCs cases express EpCAM", limiting
the applicability of EpCAM + CTCs as prognostic indicators
and highlighting the need for further validation [46, 47].

To address the shortcomings of EpCAM" CTCs in
predicting HCC recurrence, researchers have explored
the detection of CTCs expressing multiple markers. For
example, the presence of EpCAM" CTCs alongside CD4"
CTCs, CD25" CTCs, Foxp3" CTCs or Treg cells has been
associated with HCC recurrence [64]. Patients with higher
CTC/Treg concentrations have a significantly greater risk
of postoperative recurrence compared to those with lower
concentrations [64]. Other CTC subtypes have also been
investigated as the predictors of early HCC recurrence.
Wang et al. reported that mesenchymal and mixed CTCs
were significantly more prevalent among HCC patients who
experienced early recurrence than among those who did
not. Furthermore, mesenchymal CTC positivity was identi-
fied as an independent risk factor for early recurrence [65].
In another study, HCC patients with CTC counts>16 and a
mesenchymal CTC percentage of >2% were found to have
an increased risk of lung metastasis, multi-intrahepatic can-
cer, and early recurrence [31].

Predictive Value of ctDNA in HCC Survival

CtDNA serves as a valuable biomarker for predicting HCC
survival, reflecting both early tumour detection and progres-
sion markers like metastasis. Increased levels of untargeted
HCC ctDNA correlate with poor prognosis. Targeted ctDNA
may better reflect intra-tumoural heterogeneity and more
reliable predict poor prognosis more reliably [66]. The most
frequently detected abnormalities in targeted ctDNA include
hot spot mutations such as TP53, TERT and CTNNBI1 [67].
Using dPCR, it was demonstrated that 56.3% of 48 HCC
cases contained at least one type of these mutations, with
mutant frequencies ranging between 0.33 and 23.7% [34],
indicating significant intra-tumoural heterogeneity within
HCC tumours. Using MiSeq technology, it was found that
ctDNA mutations were more frequently detected among
those with vascular invasion and predicted shorter disease
free survival (DFS) (p<0.001) [35]. Therefore, detecting
HCC-associated mutations in ctDNAs can help overcome
heterogeneity limitations and accurately predict HCC prog-
nosis. However, circulating mutants may not come exclu-
sively from tumour cells, as germline mutations can also be
detected within plasma. Screening tumour samples prior to
ctDNA analysis may facilitate accurate assessment of the
source of mutation.

Diagnostic Value of ctDNA in HCC

Lack of reliable screening strategies and early diagnos-
tic tools for HCC remains an unmet clinical need. Cur-
rent imaging modalities such as ultrasound, computed
tomography (CT) and magnetic resonance imaging (MRI)
allow clinicians to visualise HCC tumours, yet are unable
to effectively differentiate benign from malignant lesions
and provide molecular insights. However, ctDNA provides
this advantage, allowing real-time monitoring of molecular
profiles offering further advantages that may enhance HCC
diagnostic accuracy. Hypermethylation of promoter regions
has long been recognised as a critical contributor to carcino-
genesis, as normal tissue DNA lacks or contains only mini-
mal combinations of methylated tumour suppressor genes.
Previous studies have shown that DNA methylation appears
early during tumourigenesis and is reversible [7], provid-
ing an alternative way of early cancer detection. Since the
methylation pattern of each cell type remains highly stable
under physiological or pathologic circumstances [68], rec-
ognising different patterns of CpG methylation could pro-
vide discriminatory tools for HCC diagnosis. This means
that DNAs specific to HCC can be highly specific and sensi-
tive diagnostic markers for HCC.
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In this aspect, Wong et al. [69] demonstrated that pl5
and p16 methylation was present in the bloodstream of 92%
of HCC patients. Subsequent studies in methylation profiles
in HCC patients showed that promoter hypermethylation
of the Ras association domain family 1 A (RASSF1A) was
present in 90% of HCC cases, and this methylation pat-
tern could help distinguish HCC from healthy controls or
patients with chronic HCV infections, with a prediction
accuracy of 77.5% and 72.5% respectively [70]. More stud-
ies have shown that abnormal promoter methylation within
ctDNA may help detect early stage HCCs among high-risk
populations, and combination of multiple methylated genes
could increase the diagnostic power for HCC. For example,
presence of the promoter methylation of RASSF1A, pl5
and pl6 in serum could detect HCCs with 94% specific-
ity and 84% sensitivity [71]. Using another panel consisting
of SFRP1, GSTP1 and RASSF1A genes, it was shown that
presence of the methylated promotor region could accu-
rately differentiate HCC cases from controls with 81.9%
specificity and 92.7% sensitivity [72].

Alpha-fetoprotein (AFP) is currently the most widely
used serum marker for HCC, but it has limited diagnostic
value due to poor sensitivity (only 50% of HCC cases can
be identified using this marker) [62]. Promotor methylation
of HCC related genes in ctDNAs may help mitigate the poor
diagnostic power of AFP. For example, detection of a panel
of three abnormally methylated genes (RASSF1A, COX2,
APC) in ctDNA could help detect nearly 75% of patients
without AFP [37]. In another study, the presence of meth-
ylations within ctDNA could help distinguish HCC patients
from those with other liver disease or healthy controls, and
thus more reliably diagnose HCC than AFP [73]. Combina-
tion of the methylation status of B-actin with AFP in cfDNA
could enhance HCC detection rate with a specificity of
94.4% and sensitivity of 95.1% [74]. It was also reported
that the combined detection of HCC specific methylations
in ctDNA with AFP significantly improves the diagnostic
sensitivity of each individual marker [75, 76].

Other emerging biomarkers including Glypican-3
(GPC3), Des-gamma-carboxy prothrombin (DCP), and
Osteopontin (OPN) also show promise in sensitivity and
specificity [77]. GPC3 has demonstrated sensitivity and
specificity rates comparable to AFP for early HCC detec-
tion, with studies reporting improved diagnostic accuracy
when combined with AFP [78]. Similarly, DCP offered a
sensitivity between 48 and 62% and specificity of 81-98%
for early HCC diagnosis [79]. In OPN, the results were
promising but not definitive due to the inconsistent cut-off
values used [80]. As a result, further validation would need
to be conducted before routine clinical use is adhered. The
quantitative analysis of DNA methylation in ctDNA com-
bined with other markers such as AFP, GPC3, DCP and
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OPN may improve the diagnostic power for HCC. How-
ever, a practical challenge is that an elevated ctDNA is dif-
ficult to define and as such, there is no standardised cut-off
value for ctDNA as the detection methods for them vary
amongst researchers.

CtDNA for Tumour Surveillance and Early Diagnosis

Since liver biopsy is an invasive procedure, and for the
diagnosis of advanced HCC it is unnecessary, ctDNA could
serve as an efficient biomarker to track tumour progression
dynamically and assess treatment efficacy, including the
identification of mutations that cause acquired drug resis-
tance as well as capture heterogeneity amongst tumours.
Meanwhile, epigenetic changes caused by DNA methylation
are linked to cancer development, and methylation patterns
of ctDNA can facilitate the early diagnosis of HCC [81]. It
has been confirmed that changes in the methylation patterns
of several genes found in serum/plasma samples, such as
INK4A, GSTP1, RASSF1A, pl5 and pl6, can help diag-
nose HCC. The level of DNA methylation in HCC tumours
correlates closely with that found in its respective plasma
ctDNAs [82], indicating the fidelity of ctDNA as a poten-
tial alternative for studying the DNA methylation pattern.
In this aspect, Kotoh et al. [83] have produced a methylated
SEPT9 test with 90% specificity and 63.2% sensitivity to
detect HCC. Yan et al. [84] developed a panel of three tests
combining cfDNA, age and AFP for the diagnosis of HCC,
and demonstrated its superior accuracy compared to either
of these tests alone.

ctDNA methylation not only can aid in diagnosis but
can also serve as a predictor of disease prognosis. In this
aspect, Kotoh et al. demonstrated that the copy number of
methylated SEPT9 was related to BCLC stages, tumour
size, tumour number and macrovascular invasions [83]. In
another study, Kisiel et al. demonstrated that the elevated
level of six methylated DNA markers (AK055957, ECE1,
EMXI1, CLECI11A, HOXA1 and PFKP) in ctDNA was
closely linked to poor prognosis of HCC patients [85]. In a
prospective cohort of patients with gastrointestinal tumours,
cfDNA proved more reliable in detecting drug resistance
gene mutations than tissue biopsies [86]. Additionally,
ctDNA may provide valuable epigenetic profiles that pro-
vide surveillance and early diagnosis for treating HCC. Fur-
thermore, testing the mutation status in ctDNA may provide
valuable guidance for therapy selection. This guidance has
led to the identification that PI3K/mTOR gene mutation
in ctDNA was associated with decreased progression-free
survival (PFS) in HCC patients treated with tyrosine kinase
inhibitors, but not in the patients receiving immunosup-
pression treatments [87]. Thus, monitoring drug resistance
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genes in cancer patients could provide important guidance
in therapy selection.

Challenges and Perspectives

Liquid biopsy is an emerging non-invasive technique with
transformative potential in early cancer diagnosis, moni-
toring disease progression, assessing treatment response,
predicting recurrence, and determining prognosis. As much
of the current evidence on liquid biopsy in HCC, the pre-
dominance of short-term studies outweighs longitudinal
data. Recent technological advancements may provide
continued long-term investigations on ctDNA, which is
crucial to grasp its significance in cancer. The US National
Laboratory of Medicine is currently conducting a clinical
trial (NCT02838836) to evaluate the efficacy of CTCs and
ctDNA in monitoring disease progression and treatment
response in patients with solid cancers, including HCC.
Among the many advantages of liquid biopsy, the analysis
of epigenetic biomarkers in ctDNA holds particular prom-
ise for tracing the tissue of origin, thereby providing criti-
cal insights for cancer diagnosis. DNA methylation is the
most frequently utilised epigenetic modification for altering
ctDNA, as it displays highly tissue-specific effects that can
be used to trace the original source of the tumour [88, 89].
Furthermore, deep sequencing of ctDNA can reveal nucleo-
some positioning and fragment-end patterns, providing
additional clues about the tissue of origin [90].

Beyond cancer diagnosis, liquid biopsy particularly
ctDNA analysis, offers great potential for classifying molec-
ular subtypes of malignancies. For instance, plasma ctDNA
has been used to classify transcriptionally defined subtypes
of diffuse large B-cell lymphoma (DLBCL). A recent study
found that ctDNA genotyping in 41 DLBCL cases was 88%
consistent with tumour tissue biopsy classification, demon-
strating its utility in guiding personalised therapeutic deci-
sions [90]. Similarly, Martinez-Ricarte et al. developed a
platform capable of simultaneously genotyping of six key
genes (TERT, ATRX, IDH1, IDH2, HIST1H3B, H3F3A) in
cerebrospinal fluid ctDNA, enabling subclassification and
differentiation of diffuse gliomas - one of the most common
brain tumours with heterogeneous prognosis and classifica-
tions [91]. The broad utility of ctDNA could classify HCC
subtypes such as MYC vs. CDK6 mutants as illustrated by
Ikeda et al. in Table II, guiding personalised therapies for
HCC patients.

However, despite its promise, liquid biopsy faces sev-
eral limitations. Cost remains a significant barrier, particu-
larly for ctDNA-based diagnostics, which require advanced
sequencing technologies, bioinformatics tools, and spe-
cialised expertise for interpretation. For example, conven-
tional sequencing methods often demand high quantities of

tumour-derived DNA to reliably detect mutations, limiting
their application to cases with substantial tumour burden.
Although PCR-based digital methods offer enhanced sen-
sitivity for detecting somatic mutations in ctDNA, these
techniques are expensive and require significant technical
training. Furthermore, current assays are constrained by a
sensitivity threshold, below which mutations may go unde-
tected, resulting in false negatives.

Standardisation is another critical challenge for liquid
biopsy. Variability in methodologies for isolating, enrich-
ing, and analysing CTCs and ctDNA from blood samples
hampers reproducibility and clinical implementation. Cur-
rent efforts by prominent organisations such as the national
cancer institute (NCI) and european liquid biopsy society
(ELBS) aims to develop standardised protocols and refer-
ence ctDNA tests across various patient cohorts, empha-
sising their need for validation. Multi-marker analyses
may also provide a more comprehensive understanding of
tumour heterogeneity and enhance the diagnostic utility of
ctDNA [83]. To fully integrate liquid biopsy into routine
clinical practice, large-scale, multicentre studies, and long-
term clinical trials are essential. Most of the data supporting
liquid biopsy have been generated from proof-of-concept
studies, which, while promising, require further validation
in real-world settings.

Despite these challenges, liquid biopsy is poised to
become a cornerstone of precision medicine. Its non-inva-
sive nature, ability to capture tumour dynamics in real time,
and potential for guiding tailored therapies underscore its
transformative potential. As technological advancements
continue and clinical evidence accumulates, the integration
of liquid biopsy into standard care is likely to redefine the
diagnostic and therapeutic landscape for cancer patients.

Future Perspectives

The future of ctDNA will continue to see growth in clini-
cal practice in the coming years, specifically its detection
through methylation analysis. Although the cost of dPCR,
NGS technology and other sensitive detection techniques
remains a significant factor, ctDNA deep sequencing will
still become more widely employed for basic and clinical
research studies. The integration of ctDNA methylation
detection into other liquid biopsy technologies such as CTC
analysis or extracellular versicles (EVs) analyses could
increase diagnostic precision and clinical utility. Identifica-
tion and refinement of existing marker panels will also play
a vital role in further developing ctDNA methylation-based
diagnostics. Multiomics data will increasingly become
accessible, making comprehensive studies at multiple cen-
tres essential for understanding the clinical implications of
patterns in ctDNA methylation. The potential of combining
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molecular biomarkers, traditional serum markers and
imaging tools may provide the most cost-effective screen-
ing solution for HCC. By integrating ctDNA methylation,
this breakthrough could enhance patient outcomes while
decreasing healthcare costs and providing early detection,
personalised treatments and effective disease surveillance.

Conclusion

Genetic biomarkers that are frequently present in HCC
could improve early diagnosis scores. With liquid biopsy,
epigenetic and genetic biomarkers such as CTC/ctDNA
provide another novel way of screening and tracking HCC.
This approach holds great potentials, as it targets molecu-
lar features which are critical for early diagnosis of HCC.
CtDNA fragmentation patterns for liver cancer diagnosis fit
this profile as an ideal screening tool. We expect to witness
exciting advancements in early HCC detection using liquid
biopsy-based markers in coming years.
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