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Summary

There is much global research interest surrounding the use of cell-free DNA (cfDNA) for liquid biopsies.
cfDNA-based non-invasive prenatal testing for foetal chromosomal aneuploidies was the first successful
application of cfDNA technology that transformed clinical practice - it has since been rapidly adopted in
dozens of countries and is used by millions of pregnant women every year. Prompted by such develop-
ments, efforts to use cfDNA in other fields, especially for cancer detection and monitoring have been
actively pursued in recent years. Cancer-associated aberrations including single nucleotide mutations,
copy number aberrations, aberrations in methylation and alterations in DNA fragmentation patterns
have been detected in the cfDNA of patients suffering from a wide variety of cancers. In addition, the
analysis of methylation and fragmentomic patterns has enabled the tissue origin of cfDNA to be deter-
mined. In this review, different approaches for detecting circulating liver-derived nucleic acids and
cancer-associated aberrations, as well as their potential clinical applications for the detection, monitor-
ing and management of hepatocellular carcinoma, will be discussed.

© 2019 European Association for the Study of the Liver. Published by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Liquid biopsy is increasingly used for the manage-
ment of patients with cancer, ranging from the
screening of early cancers to guiding treatment
decisions in patients with advanced cancers. The
potential application of liquid biopsy for the man-
agement of liver cancers has been actively
explored recently, with the hope of overcoming
the limitations of conventional tumour markers
which are mainly proteins or glycoproteins.
Although the term ‘liquid biopsy’ is frequently
used to refer to the analysis of circulating
cell-free DNA (cfDNA) in plasma and other bodily
fluids, such as pleural fluid, ascitic fluid and cere-
brospinal fluid, it also encompasses the analysis
of circulating tumour cells (CTCs) and other
nucleic acids (e.g. RNA and microRNA) in blood.
However, CTCs are present at very low concentra-
tions, typically less than 10 CTCs per milliliter of
blood, even in patients with metastatic disease.'
Given that there are some 10 million nucleated
cells per ml of blood, there would be less than 1
CTC in a million nucleated blood cells. This low
concentration greatly limits the diagnostic poten-
tial of CTC analysis. For example, Yu et al. showed
that there were a mean of only 1.15 CTCs per
7.5 ml of blood in patients with operable hepato-
cellular carcinoma (HCC).? Patients with 2 or more
CTCs per 7.5 ml of blood had inferior disease-free
survival and overall survival than those with less
than 2 CTCs per 7.5 ml blood.? Precise measure-
ment of the number of CTCs at this level is impos-
sible, even when only considering sampling errors.
Compared with CTC, a substantially higher frac-
tion of cfDNA is contributed by cancer cells. Using
digital PCR analysis, Yung et al. showed that the

absolute concentration of tumour-derived DNA
fragments carrying EGFR mutations can be up to
34,000 copies per ml of plasma in a patient with
metastatic non-small-cell lung cancer®. Cai et al.
showed that in patients with advanced HCC, DNA
fragments carrying cancer-specific mutations can
constitute over 50% of the pool of circulating
cfDNA.# Because of the higher fraction of tumoral
constituents present when analysing cfDNA
instead of cells in the blood, the analysis of cfDNA
is more widely applied for the management of
cancer than CTCs.

Recently, a number of approaches have been
developed to analyse the tissue origin of cfDNA.
In this review, we will focus on the strategies for
detecting liver-derived nucleic acids and the dif-
ferent cancer-associated alterations in circulating
cell-free nucleic acids, as well as their potential
clinical applications in the management of
patients with HCC (Fig. 1).

History of cfDNA analysis

The first discovery of the presence of extracellular
nucleic acids in human blood can be dated back to
1948.° The biological properties and diagnostic
applications of cfDNA molecules have been actively
pursued in subsequent decades.® For example, Leon
et al. demonstrated that the concentrations of
cfDNA from patients with cancer were higher than
those from healthy individuals,” motivating inves-
tigators to study potential diagnostic applications
in oncology. However, a convincing demonstration
that some of the cfDNA molecules in cancer patients
were actually tumour-derived had to await the
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Key point

Human plasma contains a
mixture of DNA and RNA
molecules released from
different tissues, includ-
ing the placenta of a foe-
tus, the liver and
tumorous tissues (such as
a hepatocellular
carcinoma).
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Fig. 1. Overview of liquid biopsy in the management of HCC. Liquid biopsy can refer to the analysis of circulating tumour cells or circulating cfDNA derived
from cancer cells. Different cancer-associated changes can be detected through the analysis of circulating DNA including i) mutations, ii) chromosome copy
number aberrations, iii) aberrations in DNA methylation and iv) altered DNA fragmentation patterns. cfDNA, cell-free DNA; HCC, hepatocellular carcinoma.

Key point

The global success of
detection of foetal DNA in
the plasma of pregnant
women, enabling non-
invasive prenatal testing,
has inspired researchers
worldwide to look for
similar success in other
fields, especially the liquid
biopsies of cancer.
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development of technologies that allowed the
detection of tumour-associated molecular charac-
teristics. With the development of PCR-based tech-
nologies, tumour-associated mutations and
microsatellite alterations were detected in cfDNA
in patients with cancer.®~'" In 1997, inspired by
the presence of tumour-derived cfDNA in the blood
of patients with cancer,!%!! Lo et al. made a parallel
discovery that cell-free foetal DNA was present in
the plasma and serum of pregnant women.'? This
development has paved the way for the develop-
ment of cfDNA-based non-invasive prenatal testing
(NIPT). Indeed, the multiple similarities between
circulating tumour DNA and circulating foetal
DNA have inspired many analogous developments
in the field. The conceptual understanding of these
2 types of cfDNA molecules and the related analyt-
ical strategies could, in general, be used by
researchers in both fields and serve as catalysts
for advances in both areas. Notably, cfDNA-based
NIPT for foetal chromosomal aneuploidies'*'*
was the first major success in using cfDNA technol-
ogy to transform clinical practice. NIPT is now used
by millions of pregnant women in dozens of coun-
tries every year.!>' The success of NIPT has, in turn,
aroused global research interest, with researchers
trying to recreate this success using cfDNA in liquid
biopsies for cancer. With such efforts, multiple types
of cancer-related molecular entities, including
single nucleotide variations,'”*° copy number
aberrations'”?""?2, translocations,”> methylomic
changes,”>?* gene expression alterations,>*?° as
well as viral DNA®"?® have been detected in
cell-free nucleic acids.

Sample preparation for cfDNA analysis
c¢fDNA molecules consist of a mixture of DNA shed
from different tissues within the body, some of

which will be from tumour cells in patients with
cancer. One key factor affecting the accuracy of lig-
uid biopsy is the fraction of cfDNA contributed by
cancer cells. As the concentration of cfDNA is much
lower than the number of blood cells, contamina-
tion with DNA from blood cells would significantly
dilute the tumour-derived DNA in any plasma
sample, affecting the downstream analysis. In this
regard, two key strategies have been introduced
to minimise the contamination of cfDNA with
DNA from blood cells. First, the lysis of blood cells
during blood collection and storage should be min-
imised. Haemolysis during blood collection needs
to be avoided and blood samples with significant
haemolysis are not suitable for cfDNA analysis.
Blood samples should be processed within 6 h of
collection to separate plasma from blood cells, as
previous studies have shown that delaying pro-
cessing beyond 6 h leads to the release of a signif-
icant amount of DNA from blood cells. In the last
few years, blood collection tubes designed for
cfDNA analysis have been introduced. These cfDNA
blood collection tubes contain additives to stabilise
blood cells so that the release of DNA from blood
cells is minimal for up to 6 days. Another strategy
for minimising blood cell DNA contamination is
to ensure thorough removal of blood cells from
plasma. To achieve this, a double centrifugation
protocol is commonly adopted. A blood sample
would be centrifuged at low speed, for example
3,000 g, to allow separation of plasma from blood
cells. The harvested plasma would then be cen-
trifuged at high speed, for example 30,000 g, to
remove residual blood cells. There are a number
of commercially available DNA extraction kits that
are specifically designed for the extraction of
cfDNA. Compared with kits for extraction of geno-
mic DNA, these kits are capable of retaining short
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DNA fragments. Previous studies have shown that
most cfDNA molecules are short DNA fragments
of below 200 base pairs. Moreover, it was shown
that the size distribution for DNA fragments
derived from cancer cells was shorter than those
from non-malignant tissues. Therefore, retaining
short DNA fragments is essential for the detection
of signals from cancer cells. The significance of
the size distribution of plasma DNA will be dis-
cussed in more detail in a subsequent section.

Detection of cancer-associated changes in
cfDNA

In the following section, the methods for the
detection of different cancer-associated alter-
ations in plasma will be discussed.

Single nucleotide mutations

Significant efforts have been devoted to identify-
ing and characterising somatic genetic mutations
in HCC.2°3* The prevalence of a mutated gene
(i.e. the percentage of HCC samples carrying such
a mutation) involving major signalling pathways
associated with HCC was shown to vary greatly,
from less than 1%, to over 30%.>° The majority of
those mutations are present in less than 10% of
HCC samples.®® Therefore, the simultaneous anal-
ysis of multiple genes or a survey of a relatively
large genomic region is required to achieve the
desired coverage of mutations present in different
patients with HCC. In practice, these goals can be
achieved using massively parallel sequencing (also
called next-generation sequencing). The genes or
regions of interest can be enriched for sequencing
through PCR amplification or hybridisation with
capture probes and these 2 approaches are termed
amplicon-sequencing and capture sequencing,
respectively.

As tumour-derived DNA only constitute a frac-
tion, usually a small fraction, of cfDNA, the efficacy
of detecting cancer-associated mutations is lim-
ited by errors generated during PCR amplification
or sequencing when a large number of nucleotides
have to be sequenced to look for a small number of
DNA fragments carrying the mutations. To over-
come this, the technique of unique molecule iden-
tifiers (UMI) was introduced.>® The principle of
UMI is illustrated in Fig. 2. In this method, each
plasma DNA is tagged with a randomly generated
sequence, usually of 6-12 nucleotides, i.e. the UMI
code for the particular molecule®3% As the
sequences of the UMI are randomly generated,
the UMI codes for different plasma DNA molecules
are different. After PCR amplification, all copied
PCR products originating from the same plasma
DNA molecule share the same UMI code. After
sequencing, all sequenced reads with the same
UMI code are analysed together so that a consen-
sus sequence can be generated based on the
majority of the sequenced reads.® With this
arrangement, errors generated at the later cycles
of PCR or during sequencing can be eliminated.

Using UMI, single nucleotide mutations present
at a fraction of as low as 1 in 1 million molecules
can be detected.>5-38

Chromosomal copy number aberrations
Chromosomal amplification and deletions are
commonly observed in HCC and other types of
cancers. For example, chromosomes 1q and 8q
amplification and 1p and 8p deletions are fre-
quently observed in HCC. Cancer-associated copy
number aberrations (CNAs) can be accurately
detected through cfDNA analysis using a tech-
nique modified from the approach widely used
for the NIPT for foetal chromosomal aneuploi-
dies.'>'%1723 For the detection of foetal chromo-
somal aneuploidies, for example Down
syndrome, plasma DNA from a pregnant woman
is sequenced using massively parallel sequenc-
ing.'>!* Then, the sequenced reads are aligned to
the reference human genome to determine the
chromosomal origin of each DNA fragment. The
number of reads mapping to different chromo-
somes is counted and compared to a reference
group of pregnant women known to be carrying
normal foetuses. In a pregnant mother carrying a
trisomic foetus, the extra copy of the chromosome
in the foetus releases an additional dosage of DNA
into the maternal plasma so that such a chromo-
some is over-represented in the plasma DNA. This
sequencing-based method has proven to be very
accurate for the detection of foetal chromosomal
aneuploidies, with both sensitivity and specificity
of above 99%.39-%1

The detection of cancer-associated CNAs is
more challenging than the detection of foetal chro-
mosomal aneuploidies. First, chromosomal ampli-
fication and deletion in cancers typically only
involve part of a chromosome instead of a whole
chromosome. Moreover, in contrast to foetal chro-
mosomal aneuploidies which frequently involve
chromosomes 13, 18 and 21, cancer-associated
CNAs are more variable. In addition to the com-
monly affected chromosomal arms in HCC, for
example, chromosomes 1p, 1q, 8p and 8q, CNAs
can occur across the whole genome. Therefore, sev-
eral important modifications to the method have
been made for cancer detection. To detect sub-
chromosomal alterations, the genome is divided
into smaller regions instead of chromosomes. For
example, the genome can be divided into approxi-
mately 3,000 regions of 1 Mb in size and the repre-
sentation of each 1Mb region in cfDNA is
compared with a reference group of healthy indi-
viduals. Bioinformatic algorithms are then
employed to identify contiguous regions that share
the same type of aberration, either over- or under-
represented. These modified methods can more
efficiently pick up sub-chromosomal CNAs.***

Aberrations in DNA methylation
In addition to genetic alterations, epigenetic
changes also contribute significantly to carcino-
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Circulating nucleic acids
molecules can be classified
by their origin based on
their sequences (e.g. con-
taining tumour-associated
mutations, alleles differen-
tiating donor and recipient
in a liver transplantation
context), fragmentation
patterns, methylation sta-
tus and correlation with
gene expression status (e.g.
mRNA and miRNA).
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Fig. 2. UMI coding for individual plasma DNA molecules to enhance the accuracy of detecting tumour-associated mutations in cfDNA. The sequencing
errors inevitably occurring in different sequencing instruments prevent the mutations with an extremely rare frequency which commonly exist in the blood of
a patient with early-stage cancer. In an attempt to revert those sequenced reads carrying sequencing errors occurring in sequencing step back to the original
molecules, each original molecule will be tagged with a unique molecular sequence (also referred to as unique identifier, unique molecular identifier, unique
molecular barcode) before amplification and sequencing. Then, after amplification and sequencing, the molecules sharing the same molecular barcode will be
considered as derived from 1 original DNA molecule, termed a “one molecule family”. The true mutation in this family is expected to be shown in the majority
of molecules (e.g. >95%) belonging to this family while sequencing errors would scatter in a small subset of molecules (e.g. <5%).>° Therefore, the mutation
might be identified by constructing the consensus sequence from the molecule family. A consensus sequence refers to a nucleotide sequence shared by the
majority of the sequenced reads (e.g. >95%). The molecular barcode-based analysis is widely explored for its diagnostic value nowadays. It is worth noting that
this method usually needs to guarantee the high-depth coverage to form the molecule family, likely being restricted to target sequencing because the current
cost of sequencing is still prohibitive for each identical molecule in the entire genome being sequenced up to, for example 30x. cfDNA, cell-free DNA; UMI,
unique molecular identifier.
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genesis. Aberrant methylation of the promot-  globally hypomethylated. To detect this methyla-

ers of tumour suppressor genes plays a pivotal role
in the inactivation of such genes involved in hep-
atocarcinogenesis.”’*®  Targeted analysis of
tumour suppressor gene hypermethylation in
cfDNA was first explored using methylation-
specific PCR.**~°! In this method, DNA samples
were first treated with bisulfite which converts
unmethylated cytosine to uracil while leaving
methylated cytosine unchanged. After bisulfite
conversion, methylation-specific primers can be
used to amplify sequences that have altered and
unaltered cytosines to detect unmethylated and
methylated DNA, respectively. In addition to the
hypermethylation of the promoters of tumour
suppressor genes, a cancer genome is usually
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tion alteration across the genome, massively par-
allel sequencing can be performed on bisulfite
converted DNA and the methylation status of the
DNA fragments can be deduced based on whether
cytosine is converted to uracil. This method is
called bisulfite sequencing.’> Recently, it was
shown that the profiling of the methylation status
of cfDNA in a genome-wide manner, ie. the
methylomic approach, enables the relative contri-
butions of different tissues and organs to the
cfDNA pool to be deduced.>? In this method, the
cfDNA methylome is compared to the methylation
profiles of different tissues and the contributions
of individual tissues to cfDNA can be deduced
mathematically (Fig. 3).
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The tissue-specific methylation signatures or cancer-associated methylation changes can be reflected in the plasma DNA of patients with cancer. Massively
parallel bisulfite sequencing allows us to differentiate the methylated and unmethylated DNA molecules because the bisulfite treatment would convert
unmethylated CG dinucleotides to TG but leave methylated CG unchanged. Therefore, the methylation density (i.e. methylation level) of a particular genomic
region (e.g. a 1 Mb bin) could be expressed as the percentage of methylated fragments (or CG sites) being sequenced. The degree of hypomethylation for a 1 Mb
bin could be quantified by a negative z-score metric indicating the number of standard deviations below the mean of methylation levels in a healthy control
group. A z-score that is below —3 suggests a genomic window showing hypomethylation. On the other hand, the number of fragments locating in each 1 Mb
window could further be used to determine copy number aberrations. By comparing the plasma DNA methylation profile against a series of tissue methylation
profiles, it is feasible to deduce the proportional contributions of different tissues to the plasma DNA pool,>*> opening a new avenue for cancer detection,
determination of tissue of origin for aberrations seen in plasma DNA and monitoring of organ DNA damage etc.

mRNA and non-coding RNA

Parallel to the exploration of cfDNA, much effort
has been devoted to interrogating messenger
RNA (mRNA) and non-coding RNA species in cell-
free nucleic acids.>®>°* About 2 decades ago,
researchers used reverse transcription-PCR (RT-
PCR) and oligonucleotide hybridisation to reveal
the specific presence of Epstein-Barr virus-

specific EBER-1 RNA species in the plasma of
patients with nasopharyngeal carcinoma, and
their absence in healthy controls.> These 2 papers
reported for the first time that cell-free tumour-
derived RNA could be detected in the plasma of
patients with cancer and might hold promise for
the non-invasive detection of cancer. In this
regard, it has been reported that elevated levels
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Key point

The detection of cancer-
associated aberrations is
useful for the diagnosis,
screening, prognostication
and monitoring of patients
with hepatocellular carci-
noma, as well as for guid-
ing treatment decisions.
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of the mRNAs of alpha-fetoprotein and glypican-3
were observed in the extracellular vesicles of
patients with HCC compared to healthy controls.>®
The analysis of circulating mRNA has also been
shown to be useful for identifying non-malignant
liver conditions. Chan et al. observed significant
increases in the concentration of liver-derived
albumin mRNA in the plasma of individuals with
various liver pathologies including chronic hepati-
tis, cirrhosis and non-alcoholic fatty liver dis-
ease.”® The analysis of plasma albumin RNA is
more sensitive than alanine aminotransferase in
detecting these liver conditions. Recently, profiling
of the plasma RNA transcriptome using massively
parallel sequencing was shown to be useful for
determining the relative contributions of placental
and hematopoietic cells,>® and even the contribu-
tion of different tissues to plasma nucleic acids.>®

In addition to circulating mRNA species, other
forms of tissue-specific RNA species such as
plasma microRNA (miRNA) and long non-coding
RNA (IncRNA) have attracted much research inter-
est. Chim et al. studied the use of a panel of real-
time PCR-based miRNA assays in the plasma of
pregnant women. They demonstrated the exis-
tence of placenta-specific miRNA species in mater-
nal plasma which appeared to have a higher
stability than plasma mRNA.>’ Later, Williams
et al’® confirmed these findings using deep
sequencing of circulating miRNA in plasma and
serum. Pregnant and non-pregnant individuals
can be differentiated based on the profile of circu-
lating miRNA in plasma.’® It is believed that the
placenta could be viewed as a model for a solid
tumour, inspiring many subsequent publications
aimed at detecting various miRNA species in the
circulation of patients with cancer.’®¢° Alterations
in the levels of miRNAs have also been reported in
non-malignant conditions. For example, the eleva-
tion of miR-122 has been associated with non-
alcoholic fatty liver disease and liver fibrosis.®'~®3

Clinical applications of liquid biopsy in the
management of HCC

In the following sections, we discuss the clinical
applications of detecting cancer-associated
changes in cfDNA in the management of HCC.
Table 1 summarises the results of the key studies.

Diagnosis and screening

HCC is the sixth most common cancer worldwide
but the second leading cause of cancer-related
deaths. One key reason for the poor prognosis of
HCC is that most of the patients present with
advanced cancers because early HCC is relatively
asymptomatic. In this regard, liquid biopsy may
be useful for the surveillance and diagnosis of
HCC. Liao et al. used amplicon-based sequencing
to study 22 hotspot mutations spanning 3 genes
including TERT, CTNNB1, and TP53 in patients with
HCC. They showed that 19.5% (8 out of 41 patients

with HCC, among them 38 were HBeAg positive)
plasma samples from patients with HCC had at
least 1 tumour-associated mutation.’* The hot-
spots in the TERT, CTNNB1, and TP53 genes were
found to be present in only 3.9%, 7.8% and 3.9%
of patients with HCC,®* suggesting that expanding
the targeted regions to detect mutations could
improve the sensitivity. However, it seemed that
a total of 6 controls carried at least 1 mutation
among these 3 genes when scrutinising all nucleo-
tides covering the amplicons instead of restricting
analyses to an a priori list of mutations.®* These
results suggest that one would face significant
challenges regarding both the sensitivity and
specificity of this approach if one tried to deter-
mine whether a patient has cancer based solely
on it. This is worth noting as most individuals with
mutations occurring during clonal haematopoiesis
never develop cancers during their lifetime,®> age-
associated clonal haematopoiesis with somatic
mutations is an important confounding factor that
might adversely affect the specificity of cfDNA
mutation analysis.

To improve the overall sensitivity and speci-
ficity for early cancer detection, Cohen et al. inte-
grated a UMI-based mutation detection system
and 8 conventional protein biomarkers such as
cancer antigen 125, carcinoembryonic antigen,
cancer antigen 19-9, prolactin, hepatocyte growth
factor etc. into a risk assessment test, called
CancerSEEK.'® They analysed a total of 1,005
patients with 8 common cancer types and 812
healthy controls. A median of 70% of patients with
cancer tested positive, with a specificity of 99%.
Among these patients, 98% of patients with liver
cancer (43 out of 44) were detected. Compared
with the other cancer types in this study, including
stomach, pancreas, oesophagus, colorectum, lung,
and breast, these initial data seem to suggest a bet-
ter performance of CancerSEEK in detecting liver
cancer. It is worth noting that only 5 patients had
stage I cancer (11%).'° It would be important to val-
idate the specificity of this test in chronic hepatitis
B carriers and cirrhotic patients because HCC in the
majority (70 to 80%) of patients in endemic areas is
causally related to hepatitis B infection.

Using genome-wide sequencing, Chan et al
showed that concordant copy number variants
and mutations could be detected in cfDNA and
the corresponding resected tumour tissues.'” Fur-
thermore, these changes disappear after the surgi-
cal resection of the tumour. This observation
suggests that these cancer-derived aberrations
could be used for the monitoring of the clinical
progress of the patient and the detection of resid-
ual tumour cells after treatment. In a follow-up
study, they showed that 76 (84.4%) of the 90
patients with HCC had at least 1 chromosomal
arm-level CNA on chromosomes 1 and 8 in
plasma.®® For hepatitis B carriers with and without
liver cirrhosis, the detection rates of these CNAs
were 22.2% and 4.5%, respectively. Interestingly,
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Table 1. Clinical applications of cancer-associated aberrations in the cfDNA of HCC patients.
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Type of
aberrations

Methodology

Advantage/limitation

Example

Detection or screening

Single Amplicon sequencing or capture  Advantage: Mutational profile may be useful for 19.5% of patients with HCC had at least 1 tumour-
nucleotide sequencing of hotspot mutations/ choosing treatment associated mutation®*
mutations whole exome Limitation: A lack of hotspot mutations in HCC; the Using a combination of mutational analysis and
sensitivity would be largely affected by tumour conventional protein markers, 43 out of 44 HCC
heterogeneity; the specificity would be adversely  patients were tested positive'®
affected by clonal haematopoiesis.
CNA Random sequencing to detect Advantage: CNA is frequently observed in HCC Of 90 patients with HCC, 76 (84%) had at least 1
over-/under-representation of Limitation: As CNA is also observed in other types chromosomal arm-level CNA on chromosomes 1 or
chromosomal regions of cancers, there is a lack of cancer-type specificity 8%
Two hepatitis carriers who had CNA detected, but
were not known to have HCC at the time of blood
collection, were diagnosed with HCC 3 and 4
months later®?
Aberrant MSP for detecting tumour Advantage: Tumour suppressor gene methylation By targeting 1,000 markers, Xu et al. achieved a
methylation suppressor gene is frequently observed in HCC sensitivity of 83.3% and specificity of 90.5% in a
hypermethylation Limitation: These methylation changes may occur  cohort of 383 HCC and 275 normal samples®®
in pre-malignant liver tissues in chronic hepatitis
carriers
Genome-wide bisulfite Advantage: Global hypomethylation is frequently =~ Combining genome-wide hypomethylation and
sequencing to detect global observed in HCC CNA, led to a sensitivity of 92% and specificity of
methylation alteration, e.g. Limitation: A lack of cancer-type specificity 88% for differentiating patients with operable HCC
hypomethylation from chronic hepatitis B carriers®?
Plasma DNA Genome-wide bisulfite Advantage: Can provide tissue specificity The contribution of liver and other tissues can be
tissue sequencing and comparison with  Limitation: A lack of large-scale validation study determined using plasma DNA tissue mapping”>’°
mapping tissue-specific methylation profile
Risk prediction
Aberrant MSP for detecting tumour Advantage: Might be useful for modelling risk The presence of TBX methylation in cfDNA was
methylation suppressor gene prediction associated with an increased risk for future

hypermethylation

Limitation: The modelling power with a small set
of tumour suppressor genes might also be affected
by tumour heterogeneity.

development of HCC with an odds ratio of 5.35"°

Guiding treatment

Driver Amplicon sequencing or Advantage: Reflect tissue mutational profile The mutational profile of cfDNA was further shown
mutations Capture sequencing of Limitation: A lack of predictive marker for the to reflect the status in the corresponding tumour
hotspot mutations targeted therapy for HCC tissues’’
Tumour Amplicon sequencing of cancer- Advantage: May predict response to Tumour mutational burden in cfDNA predicts anti-
mutational  related genes immunotherapy PD-1 immunotherapy in lung cancer patients’®
burden Limitation: A lack of data on HCC patients
Prognostication and monitoring
Single Amplicon sequencing for hotspot  Limitation: A lack of hotspot mutations in HCC The detection of p53 mutations in the cfDNA of
nucleotide  mutations patients with HCC treated with liver
mutations transplantation was associated with tumour
recurrence®’
Targeted analysis of patient- Advantage: Applicable to all patients The level of mutations detected in cfDNA correlated
specific mutation Limitation: Costly and time-consuming to positively with clinical status of patients with HCC*
individualised mutation detection assays
CNA Random sequencing Advantage: Applicable for almost all patients Disappearance of all CNA after surgical resection of

Limitation: A lack of large-scale study on the
sensitivity for detection low-level residual disease

Hcc!’

cfDNA, cell-free DNA; CNAs, copy number aberrations;

HCC, hepatocellular carcinoma; MSP, methylation specific PCR.

2 hepatitis B carriers who exhibit CNAs in plasma,
but were not known to have HCC at the time of
blood collection, were diagnosed with HCC 3 and
4 months afterward. This suggests that CNA analy-
sis may be useful for the surveillance or screening
of HCC.

Using methylation-specific PCR, Wong et al.
demonstrated that aberrantly methylated CDKN2A
(coding for p16) and CDKN2B (coding for p15)
were readily detected in the blood of patients with
HCC.*®>!" Tumour-associated RASSF1A hyperme-
thylation analysis was shown to have a 70-93%
sensitivity for detecting patients with HCC.%%”

The aberrant methylation signal in cfDNA mole-
cules enabled the detection of alpha-fetoprotein-
negative HCC.®” Recently, it was shown that the
diagnostic accuracy could be improved by includ-
ing a larger number of methylation markers. By
targeting 1,000 markers, Xu et al. achieved a sensi-
tivity of 83.3% and specificity of 90.5% in a cohort
of 383 HCC and 275 normal samples.®® By combin-
ing the detection of genome-wide hypomethyla-
tion and CNA, Chan et al. were able to achieve a
sensitivity of 92% and specificity of 88% in differ-
entiating patients with operable HCC from chronic
hepatitis carriers.??
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While most of the above methods can be used
to detect various types of cancers instead of HCC
alone, it is useful for future investigations to know
the probable anatomical location of the tumour
when an aberration is detected in the cfDNA. Such
anatomical localisation could be performed, for
example, using various non-nucleic acid-based
biomarkers (e.g. protein markers) and various
imaging modalities. There is also much recent
interest in the exploration of the use of cfDNA
for such anatomical localisation, referred to as
“plasma DNA tissue mapping”. Plasma DNA tissue
mapping through genome-wide methylomic anal-
ysis can serve as a “whole body molecular imag-
ing” approach for identification of the potential
tissue origin of the aberrations detected in cfDNA
(Fig. 3)‘52,69—71

Risk prediction for HCC

Genetic and epigenetic aberrations occurring in
the early stages of HCC carcinogenesis may be
detectable in cfDNA before the actual formation
of a cancer. In this regard, Wu et al. analysed the
methylation levels of 6 genes (CDKN2A, RASSF1A,
STEAP4, TBX2, VIM and ZNF154) in the pre-
diagnostic cfDNA of 237 patients with HCC and
257 matched controls.”?> Those studied were part
of a community-based cancer screening program
involving over 23,000 individuals. They demon-
strated that the presence of TBX methylation in
cfDNA was associated with an increased risk of
developing HCC in the future, with an odds ratio
of 5.35. In addition to cfDNA, Huang et al. identi-
fied a set of miRNA signatures consisting of 16
miRNAs which could predict the risk of HCC devel-
opment in chronic hepatitis C carriers.”*

Guiding treatment decisions

One important application of cfDNA analysis is to
guide treatment decisions, particularly relating to
the use of targeted therapies. For example, the
analysis of EGFR (coding for epidermal growth fac-
tor receptor) mutations using liquid biopsy has
been widely applied to guide the use of EGFR tyr-
osine kinase inhibitors. In this regard, a number of
studies have demonstrated that cancer-associated
driver mutations can be identified in the cfDNA of
patients with HCC using targeted massively paral-
lel sequencing.”*’® The mutational profile of
cfDNA was further shown to reflect the status in
the corresponding tumour tissues.”” Currently,
mutational analysis in patients with HCC is not
routinely used to guide treatment decisions for 2
reasons. First, there are only 6 approved systemic
therapies for HCC, including sorafenib and lenva-
tinib as first-line treatments for advanced HCC
and regorafenib, cabozantinib, nivolumab and
pembrolizumab as second-line treatments for
patients who were previously treated with sorafe-
nib or lenvatinib. Moreover, the responsiveness to
these 2 approved agents has not been linked to

particular mutations as in the case of EGFR tyro-
sine kinase inhibitors in patients with lung cancer.

However, the potential of mutational profiling
of cfDNA for HCC management cannot be underes-
timated. One key reason that most clinical trials on
the use of targeted therapies in HCC have failed to
demonstrate notable results or meet their primary
endpoints is the heterogeneity of patients with
HCC in terms of aetiology and molecular pathome-
chanisms.”® Liquid biopsy provides a non-invasive
approach for the large-scale assessment of muta-
tional profiles in patients with advanced HCC. This
could be useful for identifying subgroups of
patients who will respond to a therapeutic agent
and those who are more likely to develop severe
adverse drug reactions.

Recently, tumour mutational burden, which
refers to the frequency of mutations in a cancer
genome, has been shown to predict clinical
response to immunotherapies in patients suffering
from a number of cancers.”® Furthermore, the
measurement of tumour mutational burden in
cfDNA has been shown to be useful in predicting
the response to the anti-PD-L1 immunotherapy
atezolizumab in patients with non-small cell lung
cancer regardless of PD-L1 biomarker expression
as assessed by immunohistochemistry analysis of
tissue biopsy.®° It is worth exploring whether the
measurement of tumour mutational burden in
cfDNA is useful for predicting the response to
immunotherapy in patients with HCC.

Monitoring and progneostication

Cancer-derived CNAs, mutations and methylation
changes can be used for the monitoring of disease
progression of HCC after treatment. The presence
of these cancer-associated changes after treatment
with curative-intent is indicative of the presence
of residual tumour cells in the body. In a proof-
of-principle study involving 4 patients, Cai et al.
sequenced 574 known cancer-associated genes in
resected HCC tumour tissues and identified 204-
253 mutations.* They showed that more than
98% of these mutations were detectable in the
cfDNA of the corresponding patients using capture
sequencing and the concentrations of these muta-
tions correlated positively with the clinical status
of the patients. Garcia-Fernandez et al. also
demonstrated that the detection of p53 mutations
in the cfDNA of patients with HCC who underwent
liver transplantation was associated with tumour
recurrence.®’

In the study by Xu et al, cfDNA methylation
based on 10 methylation markers increased pro-
gressively from stage I to stage IV HCC, and
dropped after tumour resection. A significantly
higher score was observed in patients with disease
progression compared with those in clinical remis-
sion, suggesting that this method can potentially
be used for monitoring patient progression and
detecting residual disease.®®
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Liver diseases other than HCC

The applications of cfDNA extended beyond the
management of cancers to other non-malignant
conditions. Schutz et al. carried out a prospective
study to evaluate whether the measurement of
graft-derived DNA levels correlated with rejection
and graft damage in patients receiving liver trans-
plantation.®? They developed a series of digital
PCR systems targeting the different alleles at com-
mon single nucleotide polymorphisms (SNPs). The
concentration of the liver-derived DNA was deter-
mined by targeting the SNP alleles that are present
in the donor’s liver but not present in the trans-
plant recipient. They showed that, in 31 plasma
samples taken from 17 patients during biopsy-
proven acute rejection episodes, the median per-
centage of liver-derived DNA was substantially
higher (29.6% vs. 3.3%) compared with the 282
samples collected from 88 patients during stable
periods. In the multivariate logistic regression
analysis, they further showed that the prediction
value of graft-derived DNA concentration was
independent of the conventional liver function
tests.®? Although the analysis of SNP alleles can
provide very accurate measurement of DNA
released from the grafted liver, a panel of multiple
assays would be required to cater for the differ-
ence in genetic variations of different donor-
recipient pairs. A universal marker independent
of genetic polymorphisms would be of practical
advantage. By comparing the methylation profiles
of the liver and other tissues, Gai et al. developed a
digital PCR assay targeting liver-specific methyla-
tion markers.®> In addition to the monitoring of
graft damage in liver transplant recipients, they
further demonstrated that the measurement of
liver-derived DNA was useful for indicating the
presence of liver metastasis in patients with col-
orectal cancer.®® Similarly, Lehmann-Werman
et al. demonstrated the feasibility of using liver-
specific methylation markers to monitor liver
damage during liver transplantation.®* They found
that the concentration of circulating DNA of liver
origin increased during rejection and could indeed
be observed prior to clinically detectable
rejection.®*

Biology of cfDNA

Beyond clinical applications, much research effort
has focussed on determining the biological char-
acteristics of cfDNA in patients with cancer, in
particular the size distribution. In this regard,
Chan et al. used a series of PCRs with different
amplicon size to show that over 90% of cancer-
derived DNA in patients with nasopharyngeal
cancer were below 180 base pairs.%> Subsequent
studies using massively parallel sequencing of
both ends of plasma DNA molecules (paired-end

sequencing) further improved the size measure-
ment of cfDNA to single nucleotide resolu-
tion.*>%% When both ends of a plasma DNA
molecule are sequenced, the size of the molecule
can be accurately deduced from the genomic
coordinates of the nucleotides of the two ends
after the sequenced reads are aligned to a refer-
ence human genome. In healthy individuals and
those with different disease and physiological
conditions, including cancer, pregnancy and
autoimmune disease, the most consistent obser-
vation in the size distribution of cfDNA is the
presence of a peak at 166 base pairs.*>° The size
distribution of DNA derived from cancer cells was
shorter compared with DNA derived from non-
malignant cells.*®> Intriguingly, a parallel phe-
nomenon can also be observed in the cfDNA of
pregnant women, where foetally derived DNA is
shorter than maternally derived DNA. These char-
acteristic size patterns were suggested to be
related to the nucleosomal packing of DNA and
the interaction with histone proteins. The study
of such fragmentation patterns can be referred
to as “fragmentomics”.

Snyder et al. reasoned that there was a relation-
ship between nucleosome structure and gene
expression.®” They then built a genome-wide
nucleosome profile using frequencies of plasma
DNA molecules from different parts of the genome.
As gene expression profiles were different from one
tissue type to another, Snyder et al. were able to use
their plasma-derived nucleosome profile to deduce
the contribution of different tissues to cfDNA in
plasma.®” They further showed that this approach
could be used to provide anatomical information
regarding tumours in patients with late-stage can-
cer. For example, the plasma DNA nucleosome pro-
file from a patient diagnosed with a stage IV HCC
showed the highest correlation with the gene
expression profile of an HCC cell line (HepG2).8”

Chan et al. further reported that the fragmenta-
tion of cfDNA is non-random and there were geno-
mic regions which were over-represented in the
ends of cfDNA. They called such entities “cfDNA
preferred ends”.®® They showed that the genomic
location of the preferred end actually reflected
the nucleosome pattern in which a particular
cfDNA fragment originated from. For example,
the fraction of cfDNA fragments possessing placen-
tal DNA preferred ends correlated positively with
the foetal DNA fraction in the plasma DNA of preg-
nant women. Recently, Jiang et al. identified a set of
preferred end sites which appeared to be preferen-
tially associated with HCC. Through the use of such
HCC-associated preferred end sites, the robustness
of detecting HCC-associated mutations in plasma
DNA could potentially be enhanced.® The princi-
ple of such a newly emerging technology is illus-
trated in Fig. 4.
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Fig. 4. Schematic illustration of the principle of identifying cell-free DNA end signatures. (A) Through using the liver-specific alleles, the liver DNA
molecules in the plasma of a liver transplant recipient can be identified. With ultra-deep sequencing, the genomic locations showing a significant
overrepresentation of liver DNA fragment ends (light blue) can be determined by comparing with the Poisson distribution, being termed donor-associated
preferred end coordinates. In a similar way, the recipient-associated preferred end coordinates can be defined. The relative abundance of cfDNA with liver-
associated ends correlated with liver DNA fraction. (B) A genome-wide scanning strategy can be used to identify genomic locations showing a significant
increase of plasma DNA ends compared with that expected for a Poisson distribution in plasma of patients with HCC and chronic hepatitis B virus carriers,
respectively, being termed tumour-associated preferred end coordinates and non-tumour-associated preferred end coordinates. The relative abundance of
cfDNA with tumour-associated preferred ends correlates with tumour DNA fraction. cfDNA, cell-free DNA; HCC, hepatocellular carcinoma.
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Conclusion

Cancer-associated aberrations, including single
nucleotide mutations, CNAs and aberrant methy-
lation are increasingly reported in the cfDNA of
patients with HCC. Initial exploratory studies have
reported that a reasonable sensitivity and speci-
ficity for the detection of HCC can be achieved
using multiple markers or a combination of
genetic and epigenetic approaches.*!71968 As
most of the existing reports are retrospective
case-control studies, an important consideration
would be the choice of controls. In areas with a
high incidence of HCC, for example Southeast Asia,
the at-risk group would be those with chronic
hepatitits B/C infection and/or cirrhosis. Therefore,
the specificity of these tests in patients with
chronic hepatitis and/or cirrhosis would be most

relevant. Furthermore, whether the application of
these tests can lead to improved clinical outcomes
needs to be further evaluated. Recently, a large-
scale prospective trial on nasopharyngeal cancer
screening has demonstrated that cfDNA analysis
could be used to identify early asymptomatic can-
cer, resulting in improved survival.?” This kind of
study would be useful to define the role of liquid
biopsy in the surveillance of HCC. Additionally,
as HCC is a relatively heterogeneous disease with
a wide variety of aetiologies and carcinogenic dri-
ver events, the profiling of mutations using cfDNA
analysis could also be useful for better characteri-
sation of patients. This is important for optimising
the treatment of patients and for evaluating the
efficacy of different therapeutic options in drug
trials.
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