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Hauptman, N. Circulating Tumor

DNA Methylation Biomarkers for

Characterization and Determination

of the Cancer Origin in Malignant

Liver Tumors. Cancers 2023, 15, 859.

https://doi.org/10.3390/

cancers15030859

Academic Editor: Patrizia Pontisso

Received: 28 December 2022

Revised: 25 January 2023

Accepted: 26 January 2023

Published: 30 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Review

Circulating Tumor DNA Methylation Biomarkers
for Characterization and Determination of the Cancer Origin
in Malignant Liver Tumors
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Simple Summary: Malignant liver tumors consist of primary tumors and metastases. A correct
diagnosis can be achieved with different methods; one of them is the analysis of the cell-free DNA
methylation profile in liquid biopsy, which allows for the detection, characterization, and determina-
tion of cancer origin. Our review aims to provide an insight into methylation changes in circulating
tumor DNA from patients with different malignant liver tumors and may serve as a starting point for
further research.

Abstract: Malignant liver tumors include primary malignant liver tumors and liver metastases.
They are among the most common malignancies worldwide. The disease has a poor prognosis and
poor overall survival, especially with liver metastases. Therefore, early detection and differentiation
between malignant liver tumors are critical for patient treatment selection. The detection of cancer and
the prediction of its origin is possible with a DNA methylation profile of the tumor DNA compared
to that of normal cells, which reflects tissue differentiation and malignant transformation. New
technologies enable the characterization of the tumor methylome in circulating tumor DNA (ctDNA),
providing a variety of new ctDNA methylation biomarkers, which can provide additional information
to clinical decision-making. Our review of the literature provides insight into methylation changes
in ctDNA from patients with common malignant liver tumors and can serve as a starting point for
further research.

Keywords: malignant liver tumors; primary malignant liver tumors; liver metastases; liquid biopsy;
cell-free DNA; circulating tumor DNA; tissue of origin determination; DNA methylation

1. Introduction

Malignant liver tumors are one of the most common malignancies with poor prog-
noses and a low overall survival rate [1]. They consist of primary malignant tumors and
metastases of other primary tumors that can spread to the liver [2,3]. The most prevalent
primary malignant liver tumor is hepatocellular carcinoma (HCC), followed by intrahepatic
cholangiocarcinoma (CCA) [1,2].

The incidence among malignant liver tumors is higher for liver metastases than for
primary malignancies [4]. Approximately 25% of solid organ metastases are found in the
liver, making it one of the most common metastatic sites [5]. Recent data demonstrate
that approximately 5.1% of patients have liver metastases at the time of primary cancer
diagnosis [6]. Liver metastases may develop because of the dual blood supply to the
liver through the systemic and portal circulations as described in the “mechanical or
hemodynamic hypothesis”, or some primary tumors may selectively target the liver as
described in the “seed-and-soil hypothesis” [7,8]. The second mechanism is based on the
assumption that the hepatic sinusoidal epithelium facilitates the invasion of metastatic cells
into the liver parenchyma due to fenestrations [8].
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Malignant tumors that can metastasize to the liver include carcinomas, melanomas,
lymphomas, sarcomas, and germ cell tumors [4,9]. The most prevalent liver metastases are
carcinomas (92%), with the most common subtype being adenocarcinoma (75%), followed
by neuroendocrine carcinoma and squamous cell carcinoma [9]. The major sources of liver
metastases are colorectal carcinomas, followed by carcinomas of the pancreas, breast, lung,
and stomach. Metastases from melanoma, ovarian, endometrial, esophagus, small intestine,
prostate, and renal primary carcinomas also occur (each with an incidence of less than
4%) [3,9]. Sometimes, the primary site of a metastatic tumor cannot be determined, referred
to as carcinoma of unknown primary (CUP) [9]. The data suggest that the majority of CUPs
are found in the liver (between 24% and 50%). These patients have a higher mortality rate
than patients without liver metastases. CUP often has similar or preserved biological and
molecular characteristics of the tumor from which it originates [10–12].

Differentiation between adenocarcinoma and HCC is usually possible on the basis
of morphologic and immunohistochemical features. However, in some cases, HCC forms
acinar structures or is poorly differentiated and indistinguishable from metastatic adeno-
carcinoma [4]. Various factors, including the etiology of liver disease, the rate of cancer
progression, as well as molecular heterogeneity between different metastatic samples
and samples within the same tumor mass, complicate the characterization of malignant
liver tumors. However, because of different prognoses and treatment options, the differ-
entiation and detection of the primary tumor site or tissue of origin (TOO) are of vital
importance [1,9,13,14].

Patients with liver metastases have worse overall survival than patients with metas-
tases at other sites [15–17]. The early detection and accurate classification of liver metastases
are crucial for implementing effective and tailored treatment approaches according to the
extent of liver disease, biology, and TOO [3]. The study of molecular mechanisms under-
lying liver metastatic behavior and the identification of novel diagnostic and prognostic
biomarkers to assess the risk of liver metastases are of great importance.

Recently, a variety of new methylation biomarkers has emerged to help character-
ize and determine the origin of cancer. In this review, we will discuss and provide in-
sights into methylation in cancer, ctDNA, the role of methylation in determining the TOO,
and methylation changes in the ctDNA of patients with the most common primary malig-
nant liver tumors and liver metastases.

2. Methylation in Cancer

Recent genetic analyses of cancer progression have failed to identify the specific driver
mutations of carcinogenesis, denying the assumption that mutations alone contribute to
cancer development. Emerging evidence suggests that metastatic features may result from
epigenetically regulated tumor cell gene expression [18,19].

DNA methylation is one of the epigenetic mechanisms that regulate gene expression
in eukaryotes. By covalently adding a methyl group to the 5′ positions of a cytosine,
a 5-methylcytosine (5-mC) forms, typically within the CpG islands of promoter regions.
This regulatory mechanism plays an important role in ensuring a stable gene expression
profile, embryonic development, the maintenance of cell identity, tissue differentiation,
and genome stability [20–22]. Therefore, it is not surprising that changes in methylation
play an important role in cancer development. A combination of epigenetic events can
alter the expression pattern of oncogenes or tumor suppressor genes, contributing to the
development of a tumor phenotype [22,23]. Epigenetic changes that are considered early
events in carcinogenesis may be suitable for early cancer detection as DNA methylation
biomarkers [20,24–26]. Recent results further support the idea that the hypermethyla-
tion of otherwise methylation-resistant sites is established in the early stages of cancer
development and remains methylated in advanced stages [25].

Alterations in the methylation pattern are highly pervasive across a particular tumor type.
The unique methylation profile of cells can be used to distinguish cancer cells from healthy
tissue and by identifying the TOO of the DNA [27,28]. Moreover, the methylation pattern can
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be used as a potential marker in the search for the origin of metastases, including CUP [28,29].
Epigenetic profiles inherently reflect differences between the normal and malignant tissues,
which contributes to cancer detection and TOO determination [30]. Shen et al. showed that
machine learning-derived classifiers based on differentially methylated regions could detect
early- and late-stage cancer with high accuracy, sensitivity, and specificity [31]. Furthermore,
Moss et al. showed that even an analysis of a small number of methylated loci could reli-
ably discriminate between different cancer types [28]. A prospective case–control sub-study
also supported the high significance of methylation patterns, which could detect more than
50 cancers at all stages [30]. Therefore, the altered or unaltered genetic and epigenetic land-
scape of metastases, when compared to primary cancer, may play a significant role not only
in diagnostics but also in cancer monitoring, prognosis, treatment, influencing drug efficacy,
or promoting the development of drug resistance [32].

Another intriguing class of methylation biomarkers associated with carcinogenesis
is 5-hydroxymethylcytosine (5 hmC). In a recent study, disease-specific changes in 5 hmC
successfully distinguished HCC from other primary and metastatic cancers [33]. This study
points to the diagnostic potential of 5 hmC signatures in cell-free DNA (cfDNA) for cancer
characterization and stage prediction.

3. Circulating Tumor DNA

Over the last decade, liquid biopsy has attracted considerable attention in oncol-
ogy diagnostics [34,35]. In contrast to tissue biopsy, several advantages contribute to the
widespread use of liquid biopsy: it is a simple, inexpensive, rapid, minimally invasive, eas-
ily accessible, and patient-friendly biological sampling procedure. It provides information
on the longitudinal dynamics of tumor biomarkers and reflects the current complexity of
the patient’s total tumor mass [36]. CfDNA is a mixture of small DNA fragments that circu-
late freely in the bloodstream. It originates from dying cells and the spontaneous leaching
of DNA from living cells, thereby showing the body’s present state, including any malig-
nancy [37]. A part of cfDNA is ctDNA, which is the most studied specimen in liquid biopsy
in cancer. Viable apoptotic and necrotic tumor cells in the tumor microenvironment are the
major source of ctDNA. It can account for a substantial proportion of cfDNA ranging from
3% to 93%, depending on the tumor location, size, and vascularization [38]. Additionally,
the concentration of ctDNA may be affected by hepatic and renal clearance as well as by
antitumor treatments. Large-sized tumors generally produce more ctDNA than small-sized
ones, although tumor types also play a role. Patients with advanced disease have higher
ctDNA levels than patients with localized disease, in whom blood levels actually increase
with the increasing tumor stage [39]. A recent study suggests that mutation fingerprints
and methylation patterns of ctDNA differ from the non-tumorous fraction of cfDNA [40].
Aberrations such as point mutations, copy number variation, microsatellite changes, and
methylation changes can be detected in the ctDNA of most cancer patients [19,41,42]. Many
studies have analyzed potential biomarkers from both tissue samples and cfDNA, demon-
strating the persistence of aberrations in both samples [40,43–46]. These findings suggest
that cfDNA from the plasma is comparable to conventional invasive tissue biopsies.

4. Role of Methylation in the Tissue-of-Origin Determination

A relatively high percentage of CUP among malignant liver tumors illustrates that
the distinction between liver metastases, primary malignant liver tumors, and the TOO
determination can be challenging. When TOO is discovered during the course of treatments,
a metastasis of known origin (formerly CUP) generally responds well to the optimized
treatment [47]. By determining the cancer type and TOO, unnecessary diagnostic tests
can be avoided. In tissue samples, epigenetic profiling accurately predicted a primary
cancer origin in 87% of the 216 CUP patients analyzed [41]. Similar to tissue samples,
epigenetic profiling in cfDNA is a promising tool for TOO identification [28]. Namely,
several research groups have demonstrated the utility of different epigenetic profiling in
cfDNA for classification and TOO determination [42,48,49].
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A comprehensive targeted methylation sequencing of 9223 hypermethylated CpG sites
in the cfDNA of patients with various advanced cancer types was performed. This study
successfully demonstrated the utility of median methylation scores and cancer-type-specific
methylation signatures for cancer detection, classification, and differentiation between colorec-
tal cancer (CRC), breast cancer, melanoma, and non-small cell lung cancer (NSCLC). The TOO
determination was accurate in 83.5% of cases for 32 common cancer types [49].

The Circulating Cell-free Genome Atlas Study (CCGA), one of the largest blood-based
clinical trials to date, investigated the suitability of genome-wide cfDNA sequencing com-
bined with machine learning for cancer detection and TOO determination. It was designed
as a prospective, multicenter case–control observational study with longitudinal follow-
up. All sub-studies included 15,245 participants with more than 50 cancers in metastatic
and non-metastatic stages. The first CCGA sub-study found that whole-genome bisul-
fite sequencing, which investigates genome-wide methylation patterns, was superior to
whole-genome sequencing and targeted sequencing approaches, which investigate the copy
number and single nucleotide variants or small insertions and deletions [42]. The second
case–control sub-study evaluated the performance of the targeted methylation analysis
of cfDNA (including >100,000 distinct CpG regions) for the detection and localization
of multiple cancers at all stages. The TOO was predicted in 96% of samples with a 93%
accuracy. The detection ability varies by cancer type and increases significantly with the
increasing disease stage, from 18% in stage I to 93% in stage IV [48]. Because this study also
included all cancer types covered in this review, it shows the potential of using methylation
signatures in cfDNA for classification and TOO determination.

5. Methylation Signature of cfDNA in Malignant Liver Tumors

The DNA from normal liver cells represents about 1% of the total cfDNA in healthy in-
dividuals and signifies the largest portion of non-hematopoietic cfDNA [27,28,50].
Unsurprisingly, the hepatic portion of cfDNA increases in patients with various liver
diseases, which also correlates with elevated liver enzymes in the blood [27]. A significant
increase in the total cfDNA concentration is observed in cancer patients, especially in
patients at later stages of the disease and with metastases [51,52]. However, the presence of
ctDNA was also detected in the early stages of cancer [39].

A systematic mapping review shows that most studies and publications in the field
of cfDNA focus on the most common cancer types [53]. These include the most common
malignant primary liver tumor, HCC, and the most common liver metastases, such as CRC,
lung, and pancreatic cancer metastases [53]. Therefore, this review focuses on the utility of
cfDNA methylation in patients with the most common primary malignant liver tumors
and liver metastases, as well as their ability to differentiate (Figure 1).

5.1. Most Common Primary Malignant Liver Tumors
5.1.1. Hepatocellular Carcinoma

HCC is the most common primary malignancy of the liver and can usually be distin-
guished from metastatic tumors by its histopathologic and immunophenotypic features [54–56].
The discovery of differentially methylated regions (DMR) has enabled the identification of
many genes involved in hepatocarcinogenesis (Table 1).
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Table 1. An overview of methylation biomarkers for HCC in liquid biopsy. HCC: hepatocelular
carcinoma; ctDNA: circulating tumor DNA; cfDNA: cell-free DNA; HM450k: Infinium Human-
Methylation450k BeadChip Array; PCR: polymerase chain reaction; MCTA-Seq: methylated CpG
tandems amplification and sequencing; TELQA: quantitative allele-specific real-time target and
signal amplification assays; MSP: methylation-specific polymerase chain reaction; MSRE-qPCR:
methylation-sensitive restriction enzymes-based quantitative PCR; MS-HRM: methylation-sensitive
high-resolution melting.

Method Sample Type Number of
Samples

Type of
Methylation

Genes and/or Genetic
Location References

Bioinformatics
analysis and

clinical validation
Plasma ctDNA 1098 HCC patients and

835 normal controls Hypo and hyper

Diagnostic panel: BMPR1A,
PSD, ARHGAP25, KLF3,

PLAC8, ATXN1, chr6:170,
chr6:3, ATAD2, chr8:20

Prognostic prediction panel:
SH3PXD2A, C11orf9, PPFIA1,

chr17:78,
SERPINB5, NOTCH3, GRHL2,

TMEM8B

[39]

BioRender.com
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Table 1. Cont.

Method Sample Type Number of
Samples

Type of
Methylation

Genes and/or Genetic
Location References

Clinical validation
(HM450k)

Tissue and
cfDNA

127 non-tumor and 415
HCC tissue samples;
37 non-tumor and 37
HCC cfDNA samples

Hypo and hyper

Diagnostic panel:
chr19:51 (intragenic region),

ALX3, WINT3A, chr1:42
(intragenic region), GJB6

[43]

Clinical validation
(pyrosequencing) Plasma cfDNA 237 HCC cases and 257

controls Hyper TBX [57]

Clinical validation
(multiplex PCR) cfDNA 135 HCC and 302

control samples Hyper Detection panel:
HOXA1, EMX1, TSPYL5 [58]

Clinical validation
(MCTA-Seq)

Tissue and
plasma cfDNA

151 tissue and plasma
samples Hyper RGS10, ST8SIA6, RUNX2,

VIM [59]

Clinical validation
(TELQA and
MCTA-Seq)

Tissue and
plasma cfDNA

74 HCC and 29 control
tissue samples; 116
HCC, 81 cirrhotic
controls and 98

healthy control plasma
samples

Hyper

Detection panel:
HOXA1, EMX1, AK055957,

ECE1, PFKP, CLEC11A
(normalized by B3GALT6 level

yielded)

[44]

Clinical validation
(PCR) Plasma cfDNA 289 patients Hyper SEPT9 [60]

Clinical validation Tissue and
plasma cfDNA

116 tissues and 326
plasma samples Hyper SOCS3 [61]

Clinical validation
(MSP) Serum cfDNA

80 HCC, 40 liver
cirrhosis, 40 chronic
hepatitis B, and 20

healthy controls

Hypo UBE2Q1 [62]

Clinical validation
(MSRE-qPCR) Plasma cfDNA

72 patients with HCC,
37 benign live diseases,
and 41 normal controls

Hyper APC, GSTP1, RASSF1A,
SFRP1 [63]

Clinical validation
(MSP)

Tissue and
plasma cfDNA

25 tissue and 130
plasma samples Hyper CDKN2B, PCDKN2A [64]

Clinical validation
(targeted

massively parallel
semiconductor

sequencing)

Plasma cfDNA
84 HCC, 26 chronic

liver patients, and 84
controls

Hyper FBLN1, VIM [65]

Clinical validation
(MSP)

Tissue and
plasma cfDNA

24 tissue and plasma
samples Hyper APC, FHIT, CDKN2B,

PCDKN2A, CDH1 [46]

Meta-analysis
144 eligible

studies
included

2044 HCC and 1371
normal serums

samples
Hypo and hyper RASSF1A, PCDKN2A, CDH1,

RUNX3, GSTP1, WIF1 [45]

Meta-analysis
33 eligible

studies
included

4113 subjects Hyper RASSF1A [66]

Review of the
literature

Plasma or
serum ctDNA

3442 HCC and 2696
controls Hyper

DBX2, THY1, TGR5, MT1M,
MT1G, INK4A, VIM, FBLN1,

RGS10, ST8SIA6, RUNX,
SEPT9

[67]

A meta-analysis of 2019 publications on DNA methylation markers in HCC identified
six aberrantly methylated genes (RASSF1A, PCDKN2A, CDH1, RUNX3, GSTP1, and WIF1)
in the serum of HCC patients compared to the serum of healthy individuals [45]. Addition-
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ally, the hypermethylation of specific methylation sites in HCC was shown to occur early
in cancer development and remains in advanced stages [25].

Kisiel et al. performed pilot phase I and phase II studies to investigate the detection of HCC
with methylated DNA biomarkers in the plasma. A 6-marker panel (HOXA1, EMX1, AK055957,
ECE1, PFKP, and CLEC11A normalized by the B3GALT6) detected HCC with a 95% sensitivity
and a 92% specificity. The detection rate increased with the disease stage and outperformed
alpha-fetoprotein detection [44]. This study proved that HCC could be accurately detected
by blood tests. Wen and colleagues developed a novel high-throughput DNA methylation
method MCTA-Seq (methylated CpG tandems amplification and sequencing), which analyzed
thousands of CpG islands in a single liquid biopsy sample. Four differentially methylated genes
in the cfDNA of HCC patients were identified using this method. The sensitivity and specificity
of HCC detection in cfDNA using the selected classifier I, which contained four selected
genes (RGS10, STSIA6, RUNX2, and VIM), and the supporting classifier II, which contained
15 biomarkers that indicated excessive liver cell death and the increase in the sensitivity of the
assay, were 94% and 89%, respectively [59].

Alternatively, Xu et al. developed a 10-methylation marker panel for cfDNA (BMPR1A
(cg10428836), PSD (cg26668608), ARHGAP25 (cg25754195), KLF3 (cg05205842), PLAC8
(cg11606215), ATXN1 (cg24067911), Chr 6:170 (cg18196829), Chr 6:3 (cg23211949), ATAD2
(cg17213048), and Chr 8:20 (cg25459300)), which effectively distinguished patients with
HCC from individuals with a hepatitis B virus infection, hepatitis C virus infection, fatty
liver, or healthy controls. The panel was used to construct a diagnostic prediction model.
Additionally, a prognostic model based on an 8-methylation marker panel in combination
with clinical and demographic characteristics was developed. Both panels were superior
to the traditional tumor marker alpha-fetoprotein and previously discovered methyla-
tion biomarkers [39]. Hlady et al. created a CpG panel with five markers (cg04645914,
cg06215569, cg23663760, cg13781744, and cg07610777), which successfully distinguished
HCC patients from patients with cirrhosis. The probes which were selected directly from
cfDNA outperformed probes from primary tissue samples when tested in cfDNA [43].

Recently, a novel tumor-specific high-throughput blood test, epiLiver, based on cfDNA
methylation profiles, was developed for the detection of HCC. The test combines four
different CpG sites (cg02012576, cg03768777, cg05739190, and cg24804544) and is specific
for the detection of HCC combined with a biomarker that is significant for the liver tissue
(cg1412693). The four HCC-specific biomarkers were sufficient to detect 98% of HCC sam-
ples (in 98% of tumor samples, at least one of the four selected CpG sites was methylated).
A major drawback of the test is its lack of specificity for HCC versus other cancer types.
With the addition of the liver-specific biomarker, the distinction of primary malignant liver
tumors from liver metastases was possible. By combining biomarkers that detect cancer
with biomarkers that identify TOO, patients with HCC can be accurately separated from
healthy individuals or patients with chronic hepatitis B virus infection. This led to an 84.5%
sensitivity and a 95% specificity [25].

Another marker that was considered for the diagnosis of HCC was 5 hmC. Li et al.
identified cancer-associated 5 hmC signatures in cfDNA [68], while Song et al. investigated
the utility of 5 hmC alterations in cfDNA to predict the cancer type and stage in HCC, lung,
and pancreatic cancers. They also found HCC-specific changes in 5 hmC profiles that could
be used to monitor HCC treatment, recurrence, and progression. Most importantly, they
showed that 5 hmC signatures could successfully distinguish HCC from other primary and
metastatic cancers [33]. Cai et al. developed a diagnostic model that could successfully
distinguish early-stage HCC patients from healthy individuals [69].

5.1.2. Cholangiocarcinoma

CCA is a heterogeneous group of malignancies characterized by biliary differentiation.
It is the most common biliary malignancy and the second most common hepatic malig-
nancy (after HCC). Based on the anatomic location, it is classified into three categories:
intrahepatic, perihilar, and distal CCA [70]. Because CCA can assume any of the histologic
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patterns of adenocarcinoma, distinguishing primary CCA from metastatic adenocarcinoma
is difficult and, in some cases, impossible based on histopathologic features alone [56].
Therefore, the need for new biomarkers is even greater. Since CCA is rarer than HCC,
only a few studies have been performed to characterize the CCA epigenome. The num-
ber of studies focusing on methylation changes in the ctDNA of CCA patients is even
fewer (Table 2). The first CCA methylation biomarkers were detected in biliary brush
and tissue samples (e.g., CDO1, CNRIP1, SEPT9 and VIM, CDKN2, SOCS3, RASSF1A,
and APC) [70–72]. In tissue and plasma samples, the promoters of SHOX2 and SEPT9 were
found to be frequently hypermethylated [73]. A 2019 study searched for novel cfDNA
methylation biomarkers in the serum that could help in the differential diagnosis between
CCA and other biliary tract diseases. Two novel methylation biomarkers, OPCMl and
HOXD9, that successfully distinguish CCA from other biliary diseases were identified.
Combining both markers led to a 62.5% sensitivity and 100% specificity [74]. Unfortunately,
the study did not investigate the differentiation between CCA and other primary malignant
liver tumors. When differentiating between HCC and CCA, we must take into account that
in rare cases, the tumor may contain distinct elements of both HCC and CCA (combined
hepatocellular and cholangiocarcinoma), which further complicates the differentiation
between primary liver malignancies [56].

Table 2. An overview of methylation biomarkers for CCA in liquid biopsy. CCA: cholangiocarcinoma;
cfDNA: cell-free DNA; MS-HRM: methylation-sensitive high-resolution melting; PCR: polymerase
chain reaction.

Method Sample Type Number of Samples Type of
Methylation

Genes and/or
Genetic Location References

Clinical validation
(MS-HRM) Serum cfDNA 40 CCA and 40 controls Hyper OPCML, HOXD9 [74]

Clinical validation
(Real-time PCR) Tissue and plasma

Tissue: 71 tumors with pared
normal samples Plasma: 20

CCA patients and 100 control
patients

Hyper SHOX2, SEPT9 [73]

Meta-analysis Tissue and
serum/plasma / Hyper SHOX2, SEPT9,

OPCML, HOXD9 [75]

Review of the
literature cfDNA / Hyper CDKN2, SOCS3,

RASSF1A, APC [76]

5.2. Most Common Liver Metastases
5.2.1. Colorectal Cancer

CRC is the most common primary cancer that metastasizes into the liver [9]. This
is most likely due to the abundant portal and arterial blood supply from the colon and
rectum to the liver [3]. High genomic concordance has been observed between the ge-
netic and epigenetic phenotype of primary CRC and liver metastases [77–79]. Ju et al.
compared the epigenetic profiles of stages I-III CRC with metastatic stage IV CRC. An
analysis of epigenetic evolution revealed different methylation profiles between CRC with
and without metastases, as well as confirming that most methylation changes occurred
before metastases [80]. Nevertheless, some degree of epigenetic divergence in CRC liver
metastases from the primary tumor is expected, as shown by Orjuela et al., who examined
differences in the DNA methylome of CRC and CRC liver metastases. They showed that
hypermethylation was maintained in metastatic CRC compared to the primary tumor,
whereas significant hypomethylation was observed in liver metastases compared to the
primary tumor [78].

Additionally, tissue-specific DNA methylation biomarkers were identified in order
to distinguish between CRC patients with and without liver metastases. They identified
a colon-specific (exonic region of the SESN3 gene on chromosome 11) and a liver-specific
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DMR (exonic region of the PTK2B gene on chromosome 8). The selected CpG sites within
the DMR of the target tissues were hypermethylated in the target tissue (i.e., colon or liver)
but were hypomethylated (>50%) in other tissues and blood cells (<5%). This enabled the
identification and quantification of the liver- and colon-derived cfDNA in the patients’
plasma using digital droplet PCR (ddPCR). The amount of colon-derived cfDNA was
higher in CRC patients with and without liver metastases compared to the healthy controls.
Similarly, the amount of liver-derived cfDNA was significantly increased in HCC patients
compared to the healthy controls. In addition, a positive correlation between the absolute
concentration of liver-derived cfDNA in HCC patients and tumor size was observed. This
study demonstrates that DMR analysis and the detection of tissue-specific methylation
patterns in cfDNA by ddPCR could be used to distinguish patients with and without
metastases to other organs [81]. Table 3 provides an overview of the methylation biomarkers
for CRC in liquid biopsy.

Table 3. An overview of methylation biomarkers for CRC in liquid biopsy. CRC: colorectal cancer;
cfDNA: cell-free DNA; MCTA-Seq: methylated CpG tandems amplification and sequencing; MSP:
methylation-specific polymerase chain reaction.

Method Sample Type Number of Samples Type of
Methylation

Genes and/or Genetic
Location References

Clinical validation
(MCTA-Seq)

Tissue and plasma
cfDNA

Tissue: 66 samples
Plasma: CRC (n = 147)
and controls (n = 136)

Hyper

EMBP1, KCNQ5, CHST11,
APBB1IP, TJP2, SEPT9,
IKZF1 Additional panel

with 80 markers

[82]

Clinical validation
(Quantitative MSP) Plasma cfDNA 27 plasma samples Hyper B4GALT1 [83]

Clinical validation
(MethyLight PCR)

Tissue and plasma
cfDNA

21 plasma and 32
tissue biopsy samples Hyper SFRP1, SFRP2, SDC2,

PRIMA1 [84]

Clinical validation
(MethyLight PCR) Plasma cfDNA 113 CRC patients and

87 controls Hyper C9orf50, KCNQ5, CLIP4 [85]

Systematic review Blood, stool, urine,
and tissue 51 studies included Hyper and

Hypo

Diagnostic panel:
APC, MGMT, RASSF2A,

WIF-1
Other genes:

SEPT9, OSMR, BMP3,
EFHD1, PPP1R3C, SFRP1,

SFRP2, SPG20

[86]

Review of the
literature Blood / Hyper and

Hypo

SEPT9, APC,
CDKN2A/CDKN2A,

MLH1, ALX4, TMEFF2,
NGFR, FRP2, NEUROG1,

TPEF/HPP1, RUNX3,
HLTF, HPP1, DFNA5

[87]

Review of the
literature Blood / Hyper

Diagnostic panel:
APC, MGMT, RASSF2A,

WIF-1
Other genes:

SEPT9, BCAT1/IKZF1,
AGBL4, FLI1, TWIST1,
SFRP2, ITGA4, GATA5

[88]

Another area of interest in CRC is the differences between tumors arising from the
left-sided and right-sided colon. Left-sided tumors are more likely to metastasize to the
liver [3]. Methylation-location-specific differences have also been identified in addition to
mutations, miRNA, and differential enzyme activity. The increased hypermethylation of
CpG islands in right-sided tumors and increased hypomethylation in open seas within left-
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sided tumors suggest that methylation could play an important role in the CRC metastatic
pattern. These alterations may potentially represent an important predictive factor for the
development of liver metastases in CRC patients [89].

5.2.2. Pancreatic Cancer

Liver metastases occur in up to 80% of patients with metastatic pancreatic cancer,
making the pancreas the second most common TOO among histologically confirmed liver
metastases [9,90]. A few studies focused on metastatic pancreatic ductal adenocarcinoma
(PDAC), the most frequently observed type of pancreatic cancer, and its blood-based
biomarkers (Table 4).

Lehmann-Werman et al. demonstrated that the proportion of pancreas-derived DNA
increased in the blood of patients with pancreatic cancer [91]. Lapin et al. demonstrated
that a higher amount of cfDNA and shorter fragment sizes might have valuable predictive
value for disease progression in patients with advanced pancreatic cancer. Six patients with
locally advanced disease and fifty-five with metastases, most of whom had liver metastases,
were included [92]. A 2015 systematic review showed that a larger gene panel was needed
to achieve sufficient accuracy for the diagnosis of pancreatic cancer [93]. Later, Hendriksen
et al. established a methylation panel for 28 genes that were found to be potential diagnostic
biomarkers for pancreatic adenocarcinoma in cfDNA. The hypermethylation status of 19
gene promoters significantly distinguished patients with adenocarcinoma of the pancreas
from the control group. Additionally, a predictive diagnostic model was developed (BMP3,
RASSF1A, BNC1, MEST, TFPI2, APC, SFRP1, and SFRP2) that successfully diagnosed
patients with pancreatic cancer (I-IV) with 76% sensitivity and 83% specificity [94].

Table 4. An overview of methylation biomarkers for PDAC in liquid biopsy. PDAC: pancreatic
ductal adenocarcinoma; cfDNA: cell-free DNA; MSP: methylation-specific polymerase chain reaction;
MethDet56: microarray-mediated methylation analysis of 56 fragments in each sample.

Method Sample Type Number of Samples Type of
Methylation

Genes and/or Genetic
Location References

Clinical validation
(MSP) Plasma cfDNA

PDAC (n = 95), chronic
pancreatitis (n = 97),

acute pancreatitis (n =
59), patients negative for

PAAD (n = 27)

Hyper

Diagnostic panel:
BMP3, RASSF1A, BNC1,

MEST, TFPI2, APC, SFRP1,
SFRP2
Other:

BNC1, NPTX2, PENK,
CDKN2A, RASSF1A,

SFRP1, SARP, APC, BC1,
CDKN2B, ESR1, MGMT,

MLH1, RARB

[94]

Clinical validation
(MethDet56) Plasma cfDNA

30 chronic pancreatitis,
30 patients with

pancreatic cancer, and 30
healthy controls

Hyper and
hypo

CCND2, DAPK1, MLH1,
MGMT, MUC2, MYOD1,

CDKN2B, CDKN1C, PGK1,
PGR, RARB, RB1, SYK

[95]

Clinical validation
(multiplexed

array-mediated
analysis)

Plasma cfDNA 30 PDAC patients and
healthy controls Hypo CCND2, SOCS1, THBS1,

PLAU, VHL [96]

Clinical validation
(real-time PCR) Serum cfDNA

40 PDAC patients, 60
with chronic pancreatitis,

and 5 with benign
biliary stone diseases

Hyper NPTX2 [97]

Review of the
literature cfDNA / Hyper and

hypo

CUX2, REG1A, ADAMTS1,
BNC1, MLH1, PGR, SYK,

CCND2, CDKN1C
[98]
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Alternatively, Yu et al. used the integrative analysis of DNA methylation and gene
expression data to demonstrate that genes related to liver metastasis are mainly regulated
at the epigenetic level [99]. While the recent systematic review focused on genes that
underwent aberrant methylation at different stages of PDAC pathogenesis. The most
promising genes for detecting PDAC with cfDNA at all stages of the disease were CUX2,
REG1A (two unmethylated regions that successfully identified circulating exocrine cfDNA
in the pancreas), ADAMTS1, BNC1, MLH1, PGR, SYK, CCND2, and CDKN1C [98].

Although little heterogeneity in driver mutations has been observed between primary
and metastatic PDAC tumors, significant epigenetic reprogramming may occur during
cancer progression [100]. Specifically, McDonald et al. found differences in epigenetic
reprogramming between regional and distant metastasis, leading to differences in the
anabolic glucose metabolism, which may enhance tumorigenic fitness during the evolution
of distant metastasis [101].

5.2.3. Lung Cancer

Lung cancer is the most common cancer in which liver metastases are present at the
time of primary cancer diagnosis [6]. The two main types are small-cell lung cancer (SCLC)
and NSCLC, among which SCLC is more commonly associated with liver metastases. Both
types are difficult to diagnose in initiation phases and are characterized by the presence of
liver metastases in 20% of SCLC and 13.4% of NSCLC patients at stage IV [102,103]. The
majority of patients are diagnosed with advanced-stage disease, with 30–40% of NSCLC
patients having metastatic disease at the time of diagnosis [103]. The main cause of lung
cancer is tobacco consumption, which results in increased methylation and other epigenetic
alterations that are common in smokers [104]. Smoke induces chronic inflammation,
increases reactive oxygen species generation, and elevates DNMT1 expression [105,106].
Given this, it is not surprising that lung cancer has one of the best-studied cancer epigenetic
landscapes in cfDNA (Table 5).

Table 5. An overview of methylation biomarkers for lung cancer in liquid biopsy. NSCLC: non-small
cell lung cancer; SCLC: small-cell lung cancer; cfDNA: cell-free DNA; MS-PCR: methylation-specific
polymerase chain reaction.

Cancer Type Method Sample Type Number of
Samples

Type of
Methylation

Genes and/or Genetic
Location References

Lung cancer,
SCLC,

NSCLC

Clinical
validation
(MS-PCR)

Serum cfDNA

91 lung cancer
patients, 9 with
other malignant

diseases, and
100

nonmalignant
pulmonary

diseases

Hyper MGMT, PCDKN2A, INK4A,
RASSF1A, DAPK, RARB [107]

NSCLC Review of the
literature

Plasma or
serum / Hyper and

Hypo

MGMT, PCDKN2A, DAPK,
APC, CDH13, FHIT, RARB,

RASSF1A
[108]
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Table 5. Cont.

Lung cancer,
SCLC,

NSCLC

Review of the
literature

Plasma or
serum / Hyper and

Hypo

Diagnostic marker
combinations:

RASSF1A/RARB,
SHOX2/PTGER4,

RTEL1/PCDHGB6,
HOXD10/PAX9/PTPRN2/

STAG3,
APC/AIM1/CDH1/DCC/

MGMT/RASSF1A
Diagnostic and prognostic

markers:
SHOX2, RARB2/RASSF1A,

RARB, RASSF1A/APC,
DCLK1, BRMS1, SOX17,

SFN, CHFR,
APC/RASSF1A/CDH13/CDKN2A

[109]

NSCLC Review of the
literature

Plasma or
serum / Hyper

CDKN2A, PAK3, NISCH,
KIF1A, OGDHL, BRMS1,

FHIT, CTSZ, CCNA1,
NRCAM, LOX, MGMT,
DOK1, SOX15, TCF21,

DAPK, RAR, RASSF1, CYGB,
MSX1, BNC1, CTSZ,

CDKN2A

[104]

The usefulness of methylation signatures in the ctDNA of lung cancer was demon-
strated in the serum of 200 patients by identifying hypermethylated promoter regions of
tumor suppressor genes (MGMT, CDKN2A, INK4A, RASSF1A, DAPK, and RARB [107].
A correlation between the tumor volume and the amount of ctDNA was observed. More-
over, ctDNA was detectable in all late-stage NSCLC cases [110]. The most commonly
studied methylation biomarkers in ctDNA from lung cancer patients are SHOX2, RASSF1A,
RARB, LINE-1, PCDKN2A, MGMT, DAPK, APC, and DLEC1 [109]. Several combina-
tions of differentially methylated gene promoter regions were found to be more effec-
tive than single gene promoters (RASSF1A/RARB2, SHOX2/PTGER4, RTEL1/PCDHGB6,
HOXD10/PAX9/PTPRN2/STAG3, APC/AIM1/CDH1/DCC/MGMT/RASSF1A) in distin-
guishing lung cancer patients from noncancerous controls [109]. In clinical practice, many
of these DMRs have the potential to predict disease progression, including in patients with
stage IV lung cancer (SHOX2, RARB/RASSF1A, RARB, RASSF1A/APC, DCLK1, BRMS1,
SOX17, SFN, CHFR, and APC/RASSF1A/CDH13/CDKN2A) [109].

5.2.4. Gastric Cancer

Gastric cancer is the second leading cause of cancer-related deaths worldwide, as
the majority of patients are diagnosed at an advanced stage [111]. Approximately 95%
of gastric malignancies are adenocarcinomas, and nearly 40% of gastric cancer patients
develop distant metastases during the course of their disease [112,113]. A study of the
metastatic spread in the Swedish registry found that the most common metastatic site of
gastric cancer was in the liver (48% of cases) [114].

Different methylation biomarkers proved to be useful for the non-invasive detection
of gastric cancer in blood samples (Table 6). Many hypermethylated genes can be differen-
tially detected in the plasma or serum from patient samples: CDKN2A, CDKN2A/CDH1,
CDH1, PCDKN2A/CDH1/RARB RUNX3, ZIC1, HOXD10, RUNX, RASSF1A, PCDH10,
RPRM, and MLH1 [115]. Many other candidate methylation genes have also been dis-
covered and require further investigation, including ZIC1, RASSF10, RNF180, SFRP1, IRX1,
CYP26B1/KCNA4, SLC19A3, FAM5C/MYLK, ATP4B, XAF1, SOX17, SPG20 FLNC/THBS1/
UCHL1/DLEC1, OSR2/VAV3/PPFIA3, and TFPI2 [115].
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To evaluate the overall specificity and sensitivity of blood-based methylation tests for
the detection of gastric cancer, a meta-analysis of 32 studies, including 4172 patients with
gastric cancer and 2098 controls, was performed [116]. The results showed a high overall
specificity (97%) and modest sensitivity, while the latter could be improved with panels
covering multiple DMRs (from 57% to 76%).

Few studies investigated the usefulness of methylation biomarkers for gastric cancer
metastasis detection and prognostic assessment, and even fewer in liquid biopsy specimens.
A panel of the DNA methylation biomarkers, GFRA1 and ZNF382, was developed to
assess the feasibility of predicting gastric cancer metastases in 188 patients’ formalin-fixed
paraffin-embedded samples. The hypomethylation of these two independent predictors
was associated with a higher risk of developing metastases. Gastric cancer metastases in
patients without a spread to regional lymph nodes or distant metastases were predicted
with a 61.5% sensitivity and a 70.1% specificity [117]. Fang et al. used genome-wide
methylation analysis to identify three hypermethylated DNA promoter regions (ADAM19,
FLI1, and MSC), which were validated in the tissue and plasma samples from 141 gastric
patients. The hypermethylation of FLI1 was also associated with advanced gastric cancer
and the development of liver metastases in both tissue and plasma samples [118].

Table 6. An overview of methylation biomarkers for gastric cancer in liquid biopsy. cfDNA: cell-free
DNA; MSP: methylation-specific polymerase chain reaction; CORD: Restriction digital PCR assay.

Method Sample Type Number of Samples Type of
Methylation

Genes and/or Genetic
Location References

Clinical validation
(MSP)

Tissue and
plasma

Tissues: 14 GCs and 42
controls; plasma: 36
GCs and 38 controls

Hyper Panel:
ELMO1, ZNF569, C13orf18 [119]

Clinical validation
(MSP)

Tissue and
serum

Tissues and plasma of
202 GC patients and
their corresponding

para-cancerous
histological normal

tissues; 88 serum
healthy controls

Hyper XAF1 [120]

Clinical validation
(CORD) Serum cfDNA

50 patients with early
gastric cancer and 61
control individuals

Hyper RUNX3 [121]

Clinical validation
(genome-wide

methylation
analysis)

Tissue and
plasma cfDNA

141 tissue and 106
plasma samples Hyper ADAM19, FLI1, MSC [118]

Review of the
literature

Serum or
plasma / Hyper and

hypo

CDKN2A, CDKN2A/CDH1,
CDH1, CDKN2A/CDH1/RARB,

RUNX3, ZIC1, HOXD10,
RUNX, RASSF1A, PCDH10,

RPRM, MLH1, RASSF10,
RNF180, SFRP1, IRX1,

CYP26B1/KCNA4, SLC19A3,
FAM5C/MYLK, ATP4B, XAF1,

SOX17, SPG20,
FLNC/THBS1/UCHL1/

DLEC1OSR2/VAV3/PPFIA3,
TFPI2

[115]

Review of the
literature

Plasma and/or
serum cfDNA / Hyper and

hypo
PCDKN2A, CDH1, MGMT,

RARB, RNF180 [122]
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5.2.5. Breast Cancer

Breast cancer is the most common cancer in women [123], which metastasizes to
various organs in 50% of patients with stage IV disease [124]. Approximately 15% of
liver metastases originating from breast cancer [3]. The prognosis is poor, and the me-
dian survival of breast cancer patients with liver metastases ranges from three to fifteen
months [124].

One of the first studies that proposed the use of epigenetic biomarkers in plasma
to detect breast cancer compared four methylation biomarkers, APC, GSTP1, RASSF1A,
and RARB, in primary breast cancer tissue and plasma samples. The hypermethylation
of at least one of the selected genes resulted in a 62% sensitivity and an 87% specificity.
Additionally, Liu et.al showed that the FHIT promoter of hypermethylation in the serum
might be useful for the early diagnosis of ductal breast carcinoma [125]. In addition, the
methylation status of RARβ2 and APC genes in serum samples was superior to traditional
tumor markers in the detection of breast cancer [126]. The hypermethylation of both genes
was detected at all grades and stages (Table 7).

Table 7. An overview of methylation biomarkers for breast cancer in liquid biopsy. cfDNA: cell-
free DNA; MSP: methylation-specific polymerase chain reaction; MSRED: methylation-sensitive
restriction enzyme digestion; BSP: bisulfite sequencing method; HRM: high-resolution melting;
MethDet56: microarray-mediated methylation analysis of 56 fragments in each sample.

Method Sample Type Number of Samples Type of
Methylation

Genes and/or
Genetic Location References

Clinical validation
(MSP) Serum cfDNA

121 women breast cancer
patients, 79 patients with

benign breast diseases, and
66 healthy volunteers

Hyper APC, RARβ2 [126]

Clinical validation
(Quantitative MSP) Plasma cfDNA

Women with breast cancer
(n = 93) compared with
control women (n = 76)

Hyper APC, GSTP1,
RASSF1A, RARB2 [127]

Clinical validation
(MethyLight) cfDNA in serum

49 cases including breast
cancer patients, patients

with benign breast diseases,
and healthy women

Hyper

Panel:
SFN, CDKN2A,

MLH1, HOXD13,
PCDHGB7,
RASSF1A

[128]

Clinical validation
(MSRED followed
by Real-time PCR)

cfDNA in plasma 26 human BCs and 10
healthy controls Hypo LINE-1 [129]

Clinical validation
(BSP and HRM) Serum cfDNA

36 patients with invasive
breast ductal carcinoma

(BDC group), 30 patients
with breast fibroadenoma

(BFA group), and 30 healthy
individuals

Hyper FHIT [125]

Clinical validation
(Pyrosequencing)

Plasma and serum
cfDNA

Serum test cohort
(n = 103), a serum validation

cohort (n = 368), and a
plasma cohort (n = 125)

Hyper
Panel: SPAG6,
NKX2-6, PER1,

ITIH5
[130]

Clinical validation
(MSP)

FFPE, whole blood
(CTC), and plasma

cfDNA

153 patients and 49 healthy
controls Hyper SOX17 [131]

Clinical validation
(MethDet-56) Plasma cfDNA 20 patients and 20 healthy

controls Hyper RARB, ESR1, PGR,
MDGI, MGMT [132]



Cancers 2023, 15, 859 15 of 21

Table 7. Cont.

Method Sample Type Number of Samples Type of
Methylation

Genes and/or
Genetic Location References

Meta-Analysis Tissue and blood / Hyper SNF [133]

Clinical validation
(MSP) Serum cfDNA

121 women breast cancer
patients, 79 patients with

benign breast diseases, and
66 healthy volunteers

Hyper APC, RARβ2 [126]

Clinical validation
(Quantitative MSP) Plasma cfDNA

Women with breast cancer
(n = 93) compared with
control women (n = 76)

Hyper APC, GSTP1,
RASSF1A, RARB2 [127]

Another research group identified potential biomarkers for breast cancer detection
from TCGA HumanMethylation450 BeadChip data. The new biomarker candidates SPAG6,
NKX2-6, PER1, and ITIH5 (panel SNiPER) were validated and tested in two independent
serum cohorts, benign controls, and a plasma cohort [130]. The high methylation frequency
of the included biomarkers confirmed blood-based breast cancer detection.

Another six-gene methylation panel (promoter regions of SFN, CDKN2A, MLH1,
HOXD13, PCDHGB7, and RASSF1A) in cfDNA achieved an 82.4% sensitivity and a 78.1%
specificity in tumors larger than 2 cm [128]. The direct comparison of DNA methylation
biomarkers in 153 breast cancer patients between ctDNA, CTC, and paired FFPE primary
tumor samples revealed consistent methylation aberrations in all three sample types [131].
SOX17 promoter methylation status in CTCs and ctDNA was comparable in patients with
early and metastatic breast cancer [131]. Another study demonstrated the usefulness of the
targeted methylation sequencing of selected CpG sites in cfDNA for breast cancer detection
and classification. Advanced breast cancer was successfully detected in 91.7% of cases and
accurately classified in 72.7% of cases [49].

It should be emphasized that methylation patterns in cfDNA from breast cancer
patients have also been evaluated as a potential tool for treatment monitoring. The decrease
in the methylation of PGR, MDGI, PAX5, and RARB after surgical tumor removal and drug
treatment suggested that the longitudinal monitoring of methylation in multiple promoters
could be used to evaluate drug response and surgical success [132].

6. Conclusions and Future Directions

The poor differentiation between malignant liver tumors and the high incidence of
CUP emphasizes the need to develop new tools for cancer detection and characterization.
The poor prognosis and low overall survival rates of these patients highlight the need
for accurate and early TOO determination. In malignant liver tumors, new technologies
have enabled the methylation profiling of ctDNA in liquid biopsies, which could become
a valuable complementary tool and provide additional information for clinical decision-
making. In primary cancer, the identification of novel changes in methylation levels during
carcinoma progression could serve as biomarkers for early cancer detection, diagnosis,
and monitoring using minimally invasive screening tests. In secondary liver malignancies,
they could contribute to successful TOO prediction, cancer characterization, and determi-
nation of primary cancer. Thus, they could greatly improve the treatment of late-stage
cancer patients. For all this, they could facilitate treatment selection and optimization and
potentially lead to the discovery of new drugs. Our review of the literature provides insight
into the methylation changes in ctDNA from patients with malignant liver tumors and can
serve as a starting point for further research.

Author Contributions: Conceptualization, N.Z. and N.H.; Writing—original draft preparation, T.D.
and N.H.; Writing—review and editing, N.H. and N.Z.; Visualization, T.D.; Supervision, N.H. and
N.Z. All authors have read and agreed to the published version of the manuscript.



Cancers 2023, 15, 859 16 of 21

Funding: This study was funded by the Slovenian Research Agency (research core funding no.
P3-0054, project funding J3-3070 and PhD research funding).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. European Association for the Study of the Liver. EASL Clinical Practice Guidelines: Management of hepatocellular carcinoma. J.

Hepatol. 2018, 69, 182–236. [CrossRef] [PubMed]
2. Ananthakrishnan, A.; Gogineni, V.; Saeian, K. Epidemiology of primary and secondary liver cancers. Semin. Interv. Radiol. 2006,

23, 47–63. [CrossRef] [PubMed]
3. Tsilimigras, D.I.; Brodt, P.; Clavien, P.-A.; Muschel, R.J.; D’Angelica, M.I.; Endo, I.; Parks, R.W.; Doyle, M.; de Santibañes, E.;

Pawlik, T.M. Liver metastases. Nat. Rev. Dis. Prim. 2021, 7, 27. [CrossRef] [PubMed]
4. Centeno, B.A. Pathology of liver metastases. Cancer Control 2006, 13, 13–26. [CrossRef]
5. Abbruzzese, J.L.; Abbruzzese, M.C.; Lenzi, R.; Hess, K.R.; Raber, M.N. Analysis of a diagnostic strategy for patients with

suspected tumors of unknown origin. J. Clin. Oncol. 1995, 13, 2094–2103. [CrossRef]
6. Horn, S.R.; Stoltzfus, K.C.; Lehrer, E.J.; Dawson, L.A.; Tchelebi, L.; Gusani, N.J.; Sharma, N.K.; Chen, H.; Trifiletti, D.M.; Zaorsky,

N.G. Epidemiology of liver metastases. Cancer Epidemiol. 2020, 67, 101760. [CrossRef]
7. Fidler, I.J. The pathogenesis of cancer metastasis: The ‘seed and soil’ hypothesis revisited. Nat. Rev. Cancer 2003, 3, 453–458.

[CrossRef]
8. Weiss, L. Comments on hematogenous metastatic patterns in humans as revealed by autopsy. Clin. Exp. Metastasis 1992, 10,

191–199. [CrossRef]
9. De Ridder, J.; de Wilt, J.H.W.; Simmer, F.; Overbeek, L.; Lemmens, V.; Nagtegaal, I. Incidence and origin of histologically confirmed

liver metastases: An explorative case-study of 23,154 patients. Oncotarget 2016, 7, 55368–55376. [CrossRef]
10. Van de Wouw, A.J.; Janssen-Heijnen, M.L.; Coebergh, J.W.; Hillen, H.F. Epidemiology of unknown primary tumours; incidence

and population-based survival of 1285 patients in Southeast Netherlands, 1984–1992. Eur. J. Cancer 2002, 38, 409–413. [CrossRef]
11. Ayoub, J.P.; Hess, K.R.; Abbruzzese, M.C.; Lenzi, R.; Raber, M.N.; Abbruzzese, J.L. Unknown primary tumors metastatic to liver.

J. Clin. Oncol. 1998, 16, 2105–2112. [CrossRef]
12. Pavlidis, N.; Pentheroudakis, G. Cancer of unknown primary site. Lancet 2012, 379, 1428–1435. [CrossRef] [PubMed]
13. Wang, L.; Vuolo, M.; Suhrland, M.J.; Schlesinger, K. HepPar1, MOC-31, pCEA, mCEA and CD10 for distinguishing hepatocellular

carcinoma vs. metastatic adenocarcinoma in liver fine needle aspirates. Acta Cytol. 2006, 50, 257–262. [CrossRef] [PubMed]
14. Varadhachary, G.R.; Talantov, D.; Raber, M.N.; Meng, C.; Hess, K.R.; Jatkoe, T.; Lenzi, R.; Spigel, D.R.; Wang, Y.; Greco, F.A.; et al.

Molecular profiling of carcinoma of unknown primary and correlation with clinical evaluation. J. Clin. Oncol. 2008, 26, 4442–4448.
[CrossRef]

15. Oweira, H.; Petrausch, U.; Helbling, D.; Schmidt, J.; Mannhart, M.; Mehrabi, A.; Schöb, O.; Giryes, A.; Decker, M.; Abdel-Rahman,
O. Prognostic value of site-specific metastases in pancreatic adenocarcinoma: A surveillance epidemiology and end results
database analysis. World J. Gastroenterol. 2017, 23, 1872–1880. [CrossRef] [PubMed]

16. Li, J.; Zhu, H.; Sun, L.; Xu, W.; Wang, X. Prognostic value of site-specific metastases in lung cancer: A population based study. J.
Cancer 2019, 10, 3079–3086. [CrossRef]

17. Wang, J.; Li, S.; Liu, Y.; Zhang, C.; Li, H.; Lai, B. Metastatic patterns and survival outcomes in patients with stage IV colon cancer:
A population-based analysis. Cancer Med. 2020, 9, 361–373. [CrossRef]

18. Patel, S.A.; Vanharanta, S. Epigenetic determinants of metastasis. Mol. Oncol. 2017, 11, 79–96. [CrossRef]
19. Kurkjian, C.; Kummar, S.; Murgo, A.J. DNA methylation: Its role in cancer development and therapy. Curr. Probl. Cancer 2008, 32,

187–235. [CrossRef]
20. Bird, A. DNA methylation patterns and epigenetic memory. Genes Dev. 2002, 16, 6–21. [CrossRef]
21. Fernández-Barrena, M.G.; Arechederra, M.; Colyn, L.; Berasain, C.; Avila, M.A. Epigenetics in hepatocellular carcinoma

development and therapy: The tip of the iceberg. JHEP Rep. 2020, 2, 100167. [CrossRef]
22. Dor, Y.; Cedar, H. Principles of DNA methylation and their implications for biology and medicine. Lancet 2018, 392, 777–786.

[CrossRef]
23. Aran, D.; Hellman, A. DNA methylation of transcriptional enhancers and cancer predisposition. Cell 2013, 154, 11–13. [CrossRef]
24. Board, R.E.; Knight, L.; Greystoke, A.; Blackhall, F.H.; Hughes, A.; Dive, C.; Ranson, M. DNA methylation in circulating tumour

DNA as a biomarker for cancer. Biomark. Insights 2008, 2, 307–319. [CrossRef]
25. Cheishvili, D.; Wong, C.; Karim, M.M.; Kibria, M.G.; Jahan, N.; Das, P.C.; Yousuf, M.A.K.; Islam, M.A.; Das, D.C.; Noor-E-Alam,

S.M. epiLiver a novel tumor specific, high throughput and cost-effective blood test for specific detection of liver cancer (HCC).
medRxiv 2021. [CrossRef]

26. Ehrlich, M. DNA hypomethylation in cancer cells. Epigenomics 2009, 1, 239–259. [CrossRef]
27. Liu, X.; Ren, J.; Luo, N.; Guo, H.; Zheng, Y.; Li, J.; Tang, F.; Wen, L.; Peng, J. Comprehensive DNA methylation analysis of tissue of

origin of plasma cell-free DNA by methylated CpG tandem amplification and sequencing (MCTA-Seq). Clin. Epigenetics 2019, 11, 93.
[CrossRef]

http://doi.org/10.1016/j.jhep.2018.03.019
http://www.ncbi.nlm.nih.gov/pubmed/29628281
http://doi.org/10.1055/s-2006-939841
http://www.ncbi.nlm.nih.gov/pubmed/21326720
http://doi.org/10.1038/s41572-021-00261-6
http://www.ncbi.nlm.nih.gov/pubmed/33859205
http://doi.org/10.1177/107327480601300103
http://doi.org/10.1200/JCO.1995.13.8.2094
http://doi.org/10.1016/j.canep.2020.101760
http://doi.org/10.1038/nrc1098
http://doi.org/10.1007/BF00132751
http://doi.org/10.18632/oncotarget.10552
http://doi.org/10.1016/S0959-8049(01)00378-1
http://doi.org/10.1200/JCO.1998.16.6.2105
http://doi.org/10.1016/S0140-6736(11)61178-1
http://www.ncbi.nlm.nih.gov/pubmed/22414598
http://doi.org/10.1159/000325951
http://www.ncbi.nlm.nih.gov/pubmed/16780018
http://doi.org/10.1200/JCO.2007.14.4378
http://doi.org/10.3748/wjg.v23.i10.1872
http://www.ncbi.nlm.nih.gov/pubmed/28348494
http://doi.org/10.7150/jca.30463
http://doi.org/10.1002/cam4.2673
http://doi.org/10.1016/j.molonc.2016.09.008
http://doi.org/10.1016/j.currproblcancer.2008.08.002
http://doi.org/10.1101/gad.947102
http://doi.org/10.1016/j.jhepr.2020.100167
http://doi.org/10.1016/S0140-6736(18)31268-6
http://doi.org/10.1016/j.cell.2013.06.018
http://doi.org/10.1177/117727190700200003
http://doi.org/10.1101/2021.02.07.21251315
http://doi.org/10.2217/epi.09.33
http://doi.org/10.1186/s13148-019-0689-y


Cancers 2023, 15, 859 17 of 21

28. Moss, J.; Magenheim, J.; Neiman, D.; Zemmour, H.; Loyfer, N.; Korach, A.; Samet, Y.; Maoz, M.; Druid, H.; Arner, P.; et al.
Comprehensive human cell-type methylation atlas reveals origins of circulating cell-free DNA in health and disease. Nat. Commun.
2018, 9, 5068. [CrossRef]

29. Moran, S.; Martinez-Cardús, A.; Boussios, S.; Esteller, M. Precision medicine based on epigenomics: The paradigm of carcinoma
of unknown primary. Nat. Rev. Clin. Oncol. 2017, 14, 682–694. [CrossRef]

30. Liu, M.C.; Oxnard, G.R.; Klein, E.A.; Swanton, C.; Seiden, M.V.; Liu, M.C.; Oxnard, G.R.; Klein, E.A.; Smith, D.; Richards, D.; et al.
Sensitive and specific multi-cancer detection and localization using methylation signatures in cell-free DNA. Ann. Oncol. 2020, 31,
745–759. [CrossRef]

31. Shen, S.Y.; Singhania, R.; Fehringer, G.; Chakravarthy, A.; Roehrl, M.H.A.; Chadwick, D.; Zuzarte, P.C.; Borgida, A.; Wang, T.T.;
Li, T.; et al. Sensitive tumour detection and classification using plasma cell-free DNA methylomes. Nature 2018, 563, 579–583.
[CrossRef] [PubMed]

32. Heyn, H.; Esteller, M. DNA methylation profiling in the clinic: Applications and challenges. Nat. Rev. Genet. 2012, 13, 679–692.
[CrossRef] [PubMed]

33. Song, C.X.; Yin, S.; Ma, L.; Wheeler, A.; Chen, Y.; Zhang, Y.; Liu, B.; Xiong, J.; Zhang, W.; Hu, J.; et al. 5-Hydroxymethylcytosine
signatures in cell-free DNA provide information about tumor types and stages. Cell Res. 2017, 27, 1231–1242. [CrossRef] [PubMed]

34. Bronkhorst, A.J.; Ungerer, V.; Holdenrieder, S. The emerging role of cell-free DNA as a molecular marker for cancer management.
Biomol. Detect. Quantif. 2019, 17, 100087. [CrossRef] [PubMed]

35. Cross, D.; Burmester, J.K. The promise of molecular profiling for cancer identification and treatment. Clin. Med. Res. 2004, 2,
147–150. [CrossRef]

36. Karachaliou, N.; Mayo-de-Las-Casas, C.; Molina-Vila, M.A.; Rosell, R. Real-time liquid biopsies become a reality in cancer
treatment. Ann. Transl. Med. 2015, 3, 36. [CrossRef]

37. Wan, J.C.M.; Massie, C.; Garcia-Corbacho, J.; Mouliere, F.; Brenton, J.D.; 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. [CrossRef]

38. Jahr, S.; Hentze, H.; Englisch, S.; Hardt, D.; Fackelmayer, F.O.; Hesch, R.D.; Knippers, R. DNA fragments in the blood plasma of
cancer patients: Quantitations and evidence for their origin from apoptotic and necrotic cells. Cancer Res. 2001, 61, 1659–1665.

39. Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.M.; et al.
Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 2014, 6, 224ra224. [CrossRef]

40. Xu, R.-h.; Wei, W.; Krawczyk, M.; Wang, W.; Luo, H.; Flagg, K.; Yi, S.; Shi, W.; Quan, Q.; Li, K.; et al. Circulating tumour DNA
methylation markers for diagnosis and prognosis of hepatocellular carcinoma. Nat. Mater. 2017, 16, 1155–1161. [CrossRef]

41. Moran, S.; Martínez-Cardús, A.; Sayols, S.; Musulén, E.; Balañá, C.; Estival-Gonzalez, A.; Moutinho, C.; Heyn, H.; Diaz-Lagares,
A.; de Moura, M.C.; et al. Epigenetic profiling to classify cancer of unknown primary: A multicentre, retrospective analysis.
Lancet Oncol. 2016, 17, 1386–1395. [CrossRef] [PubMed]

42. Oxnard, G.R.; Klein, E.A.; Seiden, M.V.; Hubbell, E.; Venn, O.; Jamshidi, A.; Zhang, N.; Beausang, J.F.; Gross, S.; Kurtzman, K.N.;
et al. Simultaneous multi-cancer detection and tissue of origin (TOO) localization using targeted bisulfite sequencing of plasma
cell-free DNA (cfDNA). Ann. Oncol. 2019, 30, v912. [CrossRef]

43. Hlady, R.A.; Zhao, X.; Pan, X.; Yang, J.D.; Ahmed, F.; Antwi, S.O.; Giama, N.H.; Patel, T.; Roberts, L.R.; Liu, C.; et al. Genome-wide
discovery and validation of diagnostic DNA methylation-based biomarkers for hepatocellular cancer detection in circulating cell
free DNA. Theranostics 2019, 9, 7239–7250. [CrossRef] [PubMed]

44. Kisiel, J.B.; Dukek, B.A.; Kanipakam, R.V.S.R.; Ghoz, H.M.; Yab, T.C.; Berger, C.K.; Taylor, W.R.; Foote, P.H.; Giama, N.H.;
Onyirioha, K.; et al. Hepatocellular Carcinoma Detection by Plasma Methylated DNA: Discovery, Phase I Pilot, and Phase II
Clinical Validation. Hepatology 2019, 69, 1180–1192. [CrossRef] [PubMed]

45. Zhang, C.; Li, J.; Huang, T.; Duan, S.; Dai, D.; Jiang, D.; Sui, X.; Li, D.; Chen, Y.; Ding, F.; et al. Meta-analysis of DNA methylation
biomarkers in hepatocellular carcinoma. Oncotarget 2016, 7, 81255–81267. [CrossRef]

46. Iyer, P.; Zekri, A.R.; Hung, C.W.; Schiefelbein, E.; Ismail, K.; Hablas, A.; Seifeldin, I.A.; Soliman, A.S. Concordance of DNA
methylation pattern in plasma and tumor DNA of Egyptian hepatocellular carcinoma patients. Exp. Mol. Pathol. 2010, 88,
107–1112. [CrossRef]

47. Conway, A.M.; Mitchell, C.; Kilgour, E.; Brady, G.; Dive, C.; Cook, N. Molecular characterisation and liquid biomarkers in
Carcinoma of Unknown Primary (CUP): Taking the ‘U’ out of ‘CUP’. Br. J. Cancer 2019, 120, 141–153. [CrossRef]

48. Liu, M.C.; Klein, E.; Hubbell, E.; Maddala, T.; Aravanis, A.M.; Beausang, J.F.; Filippova, D.; Gross, S.; Jamshidi, A.; Kurtzman, K.;
et al. Plasma cell-free DNA (cfDNA) assays for early multi-cancer detection: The circulating cell-free genome atlas (CCGA) study.
Ann. Oncol. 2018, 29, viii14. [CrossRef]

49. Liu, L.; Toung, J.M.; Jassowicz, A.F.; Vijayaraghavan, R.; Kang, H.; Zhang, R.; Kruglyak, K.M.; Huang, H.J.; Hinoue, T.; Shen, H.;
et al. Targeted methylation sequencing of plasma cell-free DNA for cancer detection and classification. Ann. Oncol. 2018, 29,
1445–1453. [CrossRef]

50. Lehmann-Werman, R.; Magenheim, J.; Moss, J.; Neiman, D.; Abraham, O.; Piyanzin, S.; Zemmour, H.; Fox, I.; Dor, T.; Grompe, M.;
et al. Monitoring liver damage using hepatocyte-specific methylation markers in cell-free circulating DNA. JCI Insight 2018, 3,
e120687. [CrossRef]

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

http://doi.org/10.1038/s41467-018-07466-6
http://doi.org/10.1038/nrclinonc.2017.97
http://doi.org/10.1016/j.annonc.2020.02.011
http://doi.org/10.1038/s41586-018-0703-0
http://www.ncbi.nlm.nih.gov/pubmed/30429608
http://doi.org/10.1038/nrg3270
http://www.ncbi.nlm.nih.gov/pubmed/22945394
http://doi.org/10.1038/cr.2017.106
http://www.ncbi.nlm.nih.gov/pubmed/28820176
http://doi.org/10.1016/j.bdq.2019.100087
http://www.ncbi.nlm.nih.gov/pubmed/30923679
http://doi.org/10.3121/cmr.2.3.147
http://doi.org/10.3978/j.issn.2305-5839.2015.01
http://doi.org/10.1038/nrc.2017.7
http://doi.org/10.1126/scitranslmed.3007094
http://doi.org/10.1038/nmat4997
http://doi.org/10.1016/S1470-2045(16)30297-2
http://www.ncbi.nlm.nih.gov/pubmed/27575023
http://doi.org/10.1093/annonc/mdz394.074
http://doi.org/10.7150/thno.35573
http://www.ncbi.nlm.nih.gov/pubmed/31695765
http://doi.org/10.1002/hep.30244
http://www.ncbi.nlm.nih.gov/pubmed/30168613
http://doi.org/10.18632/oncotarget.13221
http://doi.org/10.1016/j.yexmp.2009.09.012
http://doi.org/10.1038/s41416-018-0332-2
http://doi.org/10.1093/annonc/mdy269.048
http://doi.org/10.1093/annonc/mdy119
http://doi.org/10.1172/jci.insight.120687


Cancers 2023, 15, 859 18 of 21

52. Maebo, A. Plasma DNA level as a tumor marker in primary lung cancer. Nihon Kyobu Shikkan Gakkai Zasshi 1990, 28, 1085–1091.
53. Cree, I.A.; Uttley, L.; Woods, H.B.; Kikuchi, H.; Reiman, A.; Harnan, S.; Whiteman, B.L.; Philips, S.T.; Messenger, M.; Cox, A.; et al.

The evidence base for circulating tumour DNA blood-based biomarkers for the early detection of cancer: A systematic mapping
review. BMC Cancer 2017, 17, 697. [CrossRef]

54. Villanueva, A. Hepatocellular Carcinoma. N. Engl. J. Med. 2019, 380, 1450–1462. [CrossRef]
55. McGlynn, K.A.; Petrick, J.L.; El-Serag, H.B. Epidemiology of Hepatocellular Carcinoma. Hepatology 2021, 73, 4–13. [CrossRef]
56. Hamilton, S.R.; Aaltonen, L.A.; World Health Organization Classification of Tumours. Pathology and Genetics of Tumours of the

Digestive System; IARCPress: Lyon, France, 2000; pp. 199–202.
57. Wu, H.-C.; Yang, H.-I.; Wang, Q.; Chen, C.-J.; Santella, R.M. Plasma DNA methylation marker and hepatocellular carcinoma risk

prediction model for the general population. Carcinogenesis 2017, 38, 1021–1028. [CrossRef]
58. Chalasani, N.P.; Ramasubramanian, T.S.; Bhattacharya, A.; Olson, M.C.; Edwards, D.K.; Roberts, L.R.; Kisiel, J.B.; Reddy, K.R.;

Lidgard, G.P.; Johnson, S.C.; et al. A novel blood-based panel of methylated DNA and protein markers for detection of early-stage
hepatocellular carcinoma. Clin. Gastroenterol. Hepatol. 2021, 19, 2597–2605. [CrossRef]

59. Wen, L.; Li, J.; Guo, H.; Liu, X.; Zheng, S.; Zhang, D.; Zhu, W.; Qu, J.; Guo, L.; Du, D.; et al. Genome-scale detection of
hypermethylated CpG islands in circulating cell-free DNA of hepatocellular carcinoma patients. Cell Res. 2015, 25, 1250–1264.
[CrossRef]

60. Oussalah, A.; Rischer, S.; Bensenane, M.; Conroy, G.; Filhine-Tresarrieu, P.; Debard, R.; Forest-Tramoy, D.; Josse, T.; Reinicke, D.;
Garcia, M.; et al. Plasma mSEPT9: A novel circulating cell-free DNA-based epigenetic biomarker to diagnose hepatocellular
carcinoma. EBioMedicine 2018, 30, 138–147. [CrossRef]

61. Wei, L.; Huang, Y.; Zhao, R.; Zhang, J.; Liu, Q.; Liang, W.; Ding, X.; Gao, B.; Li, B.; Sun, C.; et al. Detection of promoter methylation
status of suppressor of cytokine signaling 3 (SOCS3) in tissue and plasma from Chinese patients with different hepatic diseases.
Clin. Exp. Med. 2018, 18, 79–87. [CrossRef]

62. Hu, N.; Fan, X.P.; Fan, Y.C.; Chen, L.Y.; Qiao, C.Y.; Han, L.Y.; 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. [CrossRef] [PubMed]

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

64. Wong, I.H.; Lo, Y.M.; Yeo, W.; Lau, W.Y.; Johnson, P.J. Frequent p15 promoter methylation in tumor and peripheral blood from
hepatocellular carcinoma patients. Clin. Cancer Res. 2000, 6, 3516–3521. [PubMed]

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

66. Zhang, Z.; Chen, P.; Xie, H.; Cao, P. Using circulating tumor DNA as a novel biomarker to screen and diagnose hepatocellular
carcinoma: A systematic review and meta-analysis. Cancer Med. 2020, 9, 1349–1364. [CrossRef]

67. Wu, X.; Li, J.; Gassa, A.; Buchner, D.; Alakus, H.; Dong, Q.; Ren, N.; Liu, M.; Odenthal, M.; Stippel, D.; et al. Circulating tumor
DNA as an emerging liquid biopsy biomarker for early diagnosis and therapeutic monitoring in hepatocellular carcinoma. Int. J.
Biol. Sci. 2020, 16, 1551–1562. [CrossRef]

68. Li, W.; Zhang, X.; Lu, X.; You, L.; Song, Y.; Luo, Z.; Zhang, J.; Nie, J.; Zheng, W.; Xu, D.; et al. 5-Hydroxymethylcytosine signatures
in circulating cell-free DNA as diagnostic biomarkers for human cancers. Cell Res. 2017, 27, 1243–12571. [CrossRef]

69. Cai, J.; Chen, L.; Zhang, Z.; Zhang, X.; Lu, X.; Liu, W.; Shi, G.; Ge, Y.; Gao, P.; Yang, Y.; et al. Genome-wide mapping of
5-hydroxymethylcytosines in circulating cell-free DNA as a non-invasive approach for early detection of hepatocellular carcinoma.
Gut 2019, 68, 2195–22052. [CrossRef]

70. Rizvi, S.; Gores, G.J. Pathogenesis, diagnosis, and management of cholangiocarcinoma. Gastroenterology 2013, 145, 1215–1229.
[CrossRef]

71. Andresen, K.; Boberg, K.M.; Vedeld, H.M.; Honne, H.; Jebsen, P.; Hektoen, M.; Wadsworth, C.A.; Clausen, O.P.; Lundin, K.E.;
Paulsen, V.; et al. Four DNA methylation biomarkers in biliary brush samples accurately identify the presence of cholangiocarci-
noma. Hepatology 2015, 61, 1651–1659. [CrossRef]

72. Isomoto, H.; Mott, J.L.; Kobayashi, S.; Werneburg, N.W.; Bronk, S.F.; Haan, S.; Gores, G.J. Sustained IL-6/STAT-3 signaling in
cholangiocarcinoma cells due to SOCS-3 epigenetic silencing. Gastroenterology 2007, 132, 384–396. [CrossRef]

73. Branchi, V.; Schaefer, P.; Semaan, A.; Kania, A.; Lingohr, P.; Kalff, J.C.; Schäfer, N.; Kristiansen, G.; Dietrich, D.; Matthaei, H.
Promoter hypermethylation of SHOX2 and SEPT9 is a potential biomarker for minimally invasive diagnosis in adenocarcinomas
of the biliary tract. Clin. Epigenetics 2016, 8, 133. [CrossRef]

74. Wasenang, W.; Chaiyarit, P.; Proungvitaya, S.; Limpaiboon, T. Serum cell-free DNA methylation of OPCML and HOXD9 as a
biomarker that may aid in differential diagnosis between cholangiocarcinoma and other biliary diseases. Clin. Epigenetics 2019,
11, 39. [CrossRef]

75. Vedeld, H.M.; Folseraas, T.; Lind, G.E. Detecting cholangiocarcinoma in patients with primary sclerosing cholangitis—The
promise of DNA methylation and molecular biomarkers. JHEP Rep. 2020, 2, 100143. [CrossRef]

76. Rizvi, S.; Eaton, J.; Yang, J.D.; Chandrasekhara, V.; Gores, G.J. Emerging Technologies for the Diagnosis of Perihilar Cholangiocar-
cinoma. Semin. Liver Dis. 2018, 38, 160–169. [CrossRef]

http://doi.org/10.1186/s12885-017-3693-7
http://doi.org/10.1056/NEJMra1713263
http://doi.org/10.1002/hep.31288
http://doi.org/10.1093/carcin/bgx078
http://doi.org/10.1016/j.cgh.2020.08.065
http://doi.org/10.1038/cr.2015.126
http://doi.org/10.1016/j.ebiom.2018.03.029
http://doi.org/10.1007/s10238-017-0473-2
http://doi.org/10.1620/tjem.242.93
http://www.ncbi.nlm.nih.gov/pubmed/28592717
http://doi.org/10.1016/j.yexmp.2011.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21884695
http://www.ncbi.nlm.nih.gov/pubmed/10999738
http://doi.org/10.1371/journal.pone.0174265
http://www.ncbi.nlm.nih.gov/pubmed/28333958
http://doi.org/10.1002/cam4.2799
http://doi.org/10.7150/ijbs.44024
http://doi.org/10.1038/cr.2017.121
http://doi.org/10.1136/gutjnl-2019-318882
http://doi.org/10.1053/j.gastro.2013.10.013
http://doi.org/10.1002/hep.27707
http://doi.org/10.1053/j.gastro.2006.10.037
http://doi.org/10.1186/s13148-016-0299-x
http://doi.org/10.1186/s13148-019-0634-0
http://doi.org/10.1016/j.jhepr.2020.100143
http://doi.org/10.1055/s-0038-1655775


Cancers 2023, 15, 859 19 of 21

77. Brannon, A.R.; Vakiani, E.; Sylvester, B.E.; Scott, S.N.; McDermott, G.; Shah, R.H.; Kania, K.; Viale, A.; Oschwald, D.M.; Vacic, V.;
et al. Comparative sequencing analysis reveals high genomic concordance between matched primary and metastatic colorectal
cancer lesions. Genome Biol. 2014, 15, 454. [CrossRef]

78. Orjuela, S.; Menigatti, M.; Schraml, P.; Kambakamba, P.; Robinson, M.D.; Marra, G. The DNA hypermethylation phenotype of
colorectal cancer liver metastases resembles that of the primary colorectal cancers. BMC Cancer 2020, 20, 290. [CrossRef]

79. Vignot, S.; Lefebvre, C.; Frampton, G.M.; Meurice, G.; Yelensky, R.; Palmer, G.; Capron, F.; Lazar, V.; Hannoun, L.; Miller, V.A.;
et al. Comparative analysis of primary tumour and matched metastases in colorectal cancer patients: Evaluation of concordance
between genomic and transcriptional profiles. Eur. J. Cancer 2015, 51, 791–799. [CrossRef]

80. Ju, H.-X.; An, B.; Okamoto, Y.; Shinjo, K.; Kanemitsu, Y.; Komori, K.; Hirai, T.; Shimizu, Y.; Sano, T.; Sawaki, A.; et al. Distinct
profiles of epigenetic evolution between colorectal cancers with and without metastasis. Am. J. Pathol. 2011, 178, 1835–1846.
[CrossRef]

81. Gai, W.; Ji, L.; Lam, W.K.J.; Sun, K.; Jiang, P.; Chan, A.W.H.; Wong, J.; Lai, P.B.S.; Ng, S.S.M.; Ma, B.B.Y.; et al. Liver- and
colon-specific DNA methylation markers in plasma for investigation of colorectal cancers with or without liver metastases. Clin.
Chem. 2018, 64, 1239–1249. [CrossRef]

82. Li, J.; Zhou, X.; Liu, X.; Ren, J.; Wang, J.; Wang, W.; Zheng, Y.; Shi, X.; Sun, T.; Li, Z.; et al. Detection of colorectal cancer in
circulating cell-free DNA by methylated CpG tandem amplification and sequencing. Clin. Chem. 2019, 65, 916–926. [CrossRef]
[PubMed]

83. Picardo, F.; Romanelli, A.; Muinelo-Romay, L.; Mazza, T.; Fusilli, C.; Parrella, P.; Barbazán, J.; Lopez-López, R.; Barbano, R.;
De Robertis, M.; et al. Diagnostic and prognostic value of B4GALT1 hypermethylation and its clinical significance as a novel
circulating cell-free DNA biomarker in colorectal cancer. Cancers 2019, 11, 1598. [CrossRef] [PubMed]

84. Barták, B.K.; Kalmár, A.; Péterfia, B.; Patai, Á.V.; Galamb, O.; Valcz, G.; Spisák, S.; Wichmann, B.; Nagy, Z.B.; Tóth, K.; et al.
Colorectal adenoma and cancer detection based on altered methylation pattern of SFRP1, SFRP2, SDC2, and PRIMA1 in plasma
samples. Epigenetics 2017, 12, 751–763. [CrossRef] [PubMed]

85. Jensen, S.; Øgaard, N.; Ørntoft, M.W.; Rasmussen, M.H.; Bramsen, J.B.; Kristensen, H.; Mouritzen, P.; Madsen, M.R.; Madsen,
A.H.; Sunesen, K.G.; et al. Novel DNA methylation biomarkers show high sensitivity and specificity for blood-based detection of
colorectal cancer-a clinical biomarker discovery and validation study. Clin. Epigenetics 2019, 11, 158. [CrossRef] [PubMed]

86. Laugsand, E.A.; Brenne, S.S.; Skorpen, F. DNA methylation markers detected in blood, stool, urine, and tissue in colorectal cancer:
A systematic review of paired samples. Int. J. Colorectal Dis. 2021, 36, 239–251. [CrossRef]
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