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a b s t r a c t

Analysis of patient's materials like cells or nucleic acids obtained in a minimally invasive or noninvasive
manner through the sampling of blood or other body fluids serves as liquid biopsies, which has huge
potential for numerous diagnostic applications. Circulating cell-free DNA (cfDNA) is explored as a
prognostic or predictive marker of liquid biopsies with the improvements in genomic and molecular
methods. DNA methylation is an important epigenetic marker known to affect gene expression. cfDNA
methylation detection is a very promising approach as abnormal distribution of DNA methylation is one
of the hallmarks of many cancers and methylation changes occur early during carcinogenesis. This re-
view summarizes the various investigational applications of cfDNA methylation and its oxidized de-
rivatives as biomarkers for cancer diagnosis, prenatal diagnosis and organ transplantation monitoring.
The review also provides a brief overview of the technologies for cfDNA methylation analysis based on
next generation sequencing.
Copyright © 2018, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, and

Genetics Society of China. Published by Elsevier Limited and Science Press. All rights reserved.
1. Introduction

In recent years, liquid biopsies have received a great deal of
attention owing to their obvious clinical implications. As a nonin-
vasive liquid biopsy, circulating cell-free DNA (cfDNA) is a prom-
ising biomarker that provides specific and complementary
information in disease diagnosis and prognosis (Wan et al., 2017).
Compared to traditional tissue biopsy, cfDNA sequencing has
obvious advantages. First, the collection of blood to obtain cfDNA is
noninvasive and time unlimited, allowing for real-time and dy-
namic monitoring of molecular changes for the patients (Xu et al.,
2017). Second, cfDNA is released from multiple tumor regions,
and may thereby represent the whole molecular picture of a pa-
tient's malignancy and solve the problem of intra-tumor hetero-
geneity (De Mattos-Arruda et al., 2014, 2015; Jamal-Hanjani et al.,
2016), which may lead to false-negative results and suboptimal
therapy selection (Wan et al., 2017).

DNA methylation is a well-established epigenetic marker that
regulates gene expression (Jaenisch and Bird, 2003; Branco et al.,
Yi), jypengpku@pku.edu.cn
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2011). Altered DNA methylation patterns are early events in many
tumors (Irizarry et al., 2009; Baylin and Jones, 2011, 2016). cfDNA
includes both genetic and epigenetic information. It is reported that
circulating tumor DNA (ctDNA) bears cancer-specific methylation
patterns (Board et al., 2008). These observations reveal that cfDNA
methylation is a new promising biomarker.
1.1. Aberrant DNA methylation in cancer

DNA methylation is a kind of epigenetic modifications, which
adds a methyl group to the 5th carbon of cytosine (5-
methylcytosine, 5mC) by DNA methyltransferases (DNMTs) and
prefers to occur within CpG dinucleotides (Bird, 2002; Jones, 2012).
5mC can be oxidized to 5-hydroxymethylcytosine (5hmC), 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC) by ten-eleven
translocation (TET) proteins. The latter two are excised by
thymine DNA glycosylase (TDG) coupled with base excision repair
(BER), which results in unmodified cytosine (Kriaucionis and
Heintz, 2009; Tahiliani et al., 2009; Ito et al., 2010; He et al.,
2011; Maiti and Drohat, 2011; Pfaffeneder et al., 2011). This pro-
cess is known as active DNA demethylation (Fig. 1). The dynamic
regulation of DNA methylation is a very vital process in cell fate
determination and development (Feng et al., 2010). In somatic cells,
5mC is primarily restricted to palindromic CpG dinucleotides, and
cademy of Sciences, and Genetics Society of China. Published by Elsevier Limited and
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Fig. 1. The dynamic regulation of DNA methylation and aberrant DNA methylation in cancer. DNA methyltransferases (DNMTs) convert unmodified cytosine to 5-methylcytosine
(5mC). Ten-eleven translocation (TET) enzymes can oxidize 5mC to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). Thymine DNA
glycosylase (TDG)/base excision repair (BER) pathway excises 5fC/5caC and regenerates unmodified cytosine. In cancer cells, the whole genome levels of 5mC and 5hmC are
decreased.
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about 60%e80% of CpGs are methylated (Smith and Meissner,
2013). Generally, methylated DNA is mainly enriched at pro-
moters and is correlated with inhibition of transcription initiation,
so DNA methylation has been known as a repressive marker in
genome (Bird, 2002).

Aberrant DNA methylation is a noticeable feature of cancer cells
(Esteller, 2007; Baylin and Jones, 2011). The cancer genome is
globally hypomethylated (Fig. 1), while hypermethylation of tumor
suppressor genes is an early event inmany tumors, which promotes
cancer progression (Bird, 2002; Baylin and Jones, 2011). Growing
evidence suggests that impairment of active DNA demethylation
may contribute to cancer initiation (Cimmino et al., 2011; Wu et al.,
2011). Active DNA demethylation is TET-mediated. TET1 was
initially identified owing to its fusion to mixed-lineage leukemia
(MLL) in patients with acute myeloid leukemia (AML) (Ono et al.,
2002). Around the time when TET-mediated oxidation of 5mC
was discovered, multiple studies reported TET2-inactivating mu-
tations inmyeloid disorders (Delhommeau et al., 2009; Tefferi et al.,
2009). In addition to TET2 mutations, TET1 and TET3 mutations
were observed in haematopoietic malignancies (Abdel-Wahab
et al., 2009). Mutations of TET proteins are also observed in
various solid tumors, which causes aberrant active DNA demethy-
lation, as shown by the reduction of 5hmC (Lian et al., 2012; Yang
et al., 2013; Thienpont et al., 2016; Niu et al., 2017). Therefore,
global decrease of 5hmC may be broadly used as a diagnostic
biomarker for cancers (Hsu et al., 2012; Lian et al., 2012; Yang et al.,
2013). As to another enzyme in demethylation, TDG has also been
implicated in various cancers (Dalton and Bellacosa, 2012),
although it may be due to TDG's role in mismatch repair.
1.2. cfDNA biology

The presence of fragments of cell-free nucleic acids in human
blood was initially reported in 1948 (Mandel and Metais, 1948). In
addition to the blood circulating system, cfDNA has also been
detected in various body fluids, including urine (Botezatu, 2000;
Chan et al., 2008), saliva (Mithani, 2007), pleural fluid (Sriram et al.,
2012) and cerebrospinal fluid (De Mattos-Arruda, 2015; Pan et al.,
2015; Wang, 2015). cfDNA is a mixture of extracellular nucleic
acid fragments originating from cell necrosis, apoptosis, and active
release of DNA (Stroun et al., 2000). The modal length of cfDNA has
been determined as around 160e180 bp (Jahr, 2001; Lo, 2010;
Thierry, 2010), corresponding with the unit size of nucleosome. In
healthy individuals, the concentration of cfDNA in plasma ranges
from 1 to 10 ng/mL of plasma (Mouliere et al., 2011, 2014). The level
of cfDNA may be increased in the state of infection (De Vlaminck,
2015), tissue damage (Rodrigues Filho, 2014) or cancer (Leon
et al., 1977). Recent studies suggested that cfDNA has potential
biological functions such as stimulation of cell transformation and
tumorigenesis of recipient cells (Garcia-Olmo et al., 2010; Trejo-
Becerril et al., 2012), and induction of neutrophil release into
blood to clear infected bacteria (Kaplan and Radic, 2012; Gould
et al., 2015).

2. Diagnostic application of cfDNA methylation

In 1989, Stroun and colleagues reported that cfDNA in the
plasma of cancerous patients contains tumor DNA originating from
cancer cells (Stroun et al., 1989). After that, a large amounts of ge-
netic and epigenetic alterations in cfDNA have been reported
(Schwarzenbach et al., 2011). Especially, in recent years, liquid bi-
opsies have gained increasing attention, as they are convenient and
minimally invasive means to gain fetal or tumor DNA for nonin-
vasive prenatal testing, tumor screening and monitoring of treat-
ment response. cfDNA-bearing specific methylation patterns,
which are consistent with the cells where they originate, have been
investigated as feasible biomarkers (Board et al., 2008).
2.1. ctDNA methylation as biomarkers for cancer

Circulating tumor DNA (ctDNA), which originates from cancer
cells, represents a substantial fraction of cfDNA, which ranges from
<0.05% to 90% depending on tumor localization, size and vascu-
larization, and clearance of liver and kidneys (Jahr, 2001;
Fleischhacker and Schmidt, 2007; Diehl et al., 2008). The half-life of
ctDNA in circulation is between 16min and 2.5 h (Lo, 1999; To,
2003; Diehl et al., 2008; Wang et al., 2016), thus allowing for
real-time and dynamic monitoring of tumor statuses. Recent
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studies have determined that the methylation patterns of ctDNA
are different from those of normal cfDNA and blood leukocytes
(Guo et al., 2017; Xu et al., 2017). Abnormal DNA methylation al-
terations in ctDNA are associated with tumorigenesis (Gold et al.,
2015), so they can be biomarkers for cancer diagnosis. ctDNA
methylation analysis has advantages over somatic mutation anal-
ysis for cancer diagnosis, such as higher clinical sensitivity and
dynamic range. In addition, methylation markers are conserved in
cancer tissue and ctDNA, whereas some mutations in cancer tissue
may not be detected in ctDNA (Xu et al., 2017).

Many ctDNA methylation biomarkers for cancer have been re-
ported, and they have recently been reviewed elsewhere (Jung
et al., 2010; Schwarzenbach et al., 2011; Lissa and Robles, 2016).
These methylation markers mainly depend on the methylation
level of individual CpG sites, and their sensitivity is limited by the
technical difficulties in measuring single-CpG methylation. To in-
crease the signal-to-noise ratio of ctDNA methylation analysis, the
regional nature of DNA methylation has been exploited (Lehmann-
Werman et al., 2016). Based on the assumption that adjacent CpG
sites have the same methylation situation, two recent reports
identified cancer-specific methylation marker panels and their re-
sults demonstrated the utility of ctDNA methylation markers in
cancer diagnosis (Guo et al., 2017; Xu et al., 2017). Another DNA
modification 5hmC has also been reported to be a cancer
biomarker, and has achieved about 80% detection sensitivity which
was much higher than that of classical biomarkers and epidemio-
logical factors (less than 50%).

2.2. cffDNA methylation as biomarkers for prenatal diagnosis

The linkage between advanced maternal age and Down syn-
drome (trisomy 21), Edward syndrome (trisomy 18) and Patau
syndrome (trisomy 13) has been reported (Allen et al., 2009).
Traditional aneuploidy screening method is amniocentesis, which
has highly accuracy. However, amniocentesis would cause trauma
and carries a risk of miscarriage. In 1997, Lo (1997) reported the
presence of cell-free fetal DNA (cffDNA) in maternal plasma arising
from nutrient exchange through placenta. cffDNA displays a pre-
dominant peak of around 143 bp (Lo et al., 2010), and comprises
10%e15% of the total plasma cfDNA (Wang et al., 2013). cffDNA can
be detected by basic molecular techniques in maternal plasma as
early as five weeks of gestation (Guibert et al., 2003), and its level
depends on multiple pregnancy, gestational weight and maternal
age (Kinnings et al., 2015).

The principle of noninvasive prenatal testing (NIPT) for trisomy
21 is the detection of an additional number of DNA fragments
derived from fetal chromosome 21 in the maternal plasma. cffDNA
can be distinguished frommaternal background DNA for its unique
aspects such as fetal-specific SNPs and epigenetic markers (Poon
et al., 2002; Zimmermann et al., 2012). Fetal-specific epigenetic
markers such as DNAmethylation, which differ frommaternal DNA
background, can be used to estimate the number of fetal chromo-
some 21 (Lui et al., 2003; Ng et al., 2003). In 2005, the first universal
DNA methylation marker of cffDNA was reported (Chim et al.,
2005). In this study, the maspin gene presented different DNA
methylation distributions between placenta and maternal blood
cells. Then other DNA methylation markers of cffDNA in maternal
plasmawere found and could help to detect trisomy 21 and trisomy
18 (Tong et al., 2006; Old et al., 2007; Chim et al., 2008). More and
more novel universal fetal-specific methylated CpG sites, which
may be used in clinical practice, were identified through whole
genome bisulfite sequencing (WGBS) strategy (Lun et al., 2013).
These methylation biomarkers provide more information about the
fetus, which can help to monitor the condition of the placenta and
improve the detection rate.
2.3. cfDNA methylation as biomarkers for organ transplantation
monitoring

Organ transplantation is awidely usedmedical procedure, while
it carries risks of infection and rejection. Thus, it is essential to
monitor the condition of allograft tomake sure that transplantation
is effective. Following organ transplantation, the plasma of re-
cipients presented donor-derived cfDNA (dd-cfDNA) from trans-
planted liver and kidney (Lo et al., 1998). Later studies illustrated
that dd-cfDNA could serve as biomarkers of transplant injury (Gadi
et al., 2006; Moreira et al., 2009; Schtz et al., 2017). The ratio of dd-
cfDNA to the total cfDNA in plasma can estimate the recovery status
and can be used to guide the therapeutic decisions (Daly, 2015;
Burnham et al., 2017). Through tracing the origin of cfDNA, clinician
can accurately monitor the recovery of donor organ. A method
named “genome transplant dynamics (GTD)”, which depends on
SNP distribution, has been developed to distinguish donor and
recipient cfDNA molecules in plasma (Snyder et al., 2011). On the
other hand, as DNA methylation is heterogeneous between
different people, cfDNA methylation markers can also provide in-
formation for distinction between donor and recipient cfDNA (Sun
et al., 2015). Thus, cfDNA methylation detection can be used for
organ transplantation monitoring, which bears the advantage of
being noninvasive compared with the classic diagnosis for rejec-
tion. Take heart transplant recipients as an example, the gold
standard for diagnosis of their rejection is the endomyocardial bi-
opsy which is invasive andmay cause arterial puncture and biopsy-
induced tricuspid regurgitation.

3. cfDNA methylation analysis methods

Bisulfite sequencing is regarded as the gold standard for 5mC
detection, which transforms non-methylated cytosines to uracils
after sodium bisulfite treatment while does not alter methylated
cytosines (Frommer et al., 1992). Following DNA sequencing, DNA
methylation sites can be detected. Sodium bisulfite treatment
would cause a degree of DNA degradationwhich may lead to loss of
some critical information (Tanaka and Okamoto, 2007). In order to
apply bisulfite sequencing to highly fragmented cfDNA, library
preparation and treatment process have been optimized. In this
review, we summarize the cfDNA methylation detection methods
based on next generation sequencing (Fig. 2).

3.1. Whole genome bisulfite sequencing (WGBS)

WGBS can provide single-base resolution information without
biases, which was developed to map the epigenome in Arabidopsis
and detect human DNA methylomes (Lister et al., 2008, 2009). In
this approach, the addition of adaptor sequences to both ends of
cfDNA fragments before bisulfite treatment guarantees that pre-
ligated cfDNA can be amplified (Fig. 2). WGBS has been instru-
mental for mapping cfDNA methylation in plasma (Chan et al.,
2013; Lun et al., 2013; Legendre et al., 2015). This approach pro-
vides genome-wide information, while the required depth of
sequencing is generally high and the cost of sequencing is very
expensive.

3.2. Single-cell reduced-representation bisulfite sequencing
(scRRBS)

DNA methylation occurs predominantly in CpG dinucleotides,
the occurrence of which in vertebrate genomes is lower than that of
other dinucleotides. Genomic regions rich in CpG dinucleotides
called CpG islands (CGIs). There is a correlation between gene
silencing and the methylation of CGIs. Selection for biologically



Fig. 2. Schematic diagram of procedures of different cfDNA methylation analysis methods. cfDNA is isolated from plasma and then subjected to different DNA methylation analysis
methods, including whole genome bisulfite sequencing (WGBS), single-cell reduced-representation bisulfite sequencing (scRRBS), methylated CpG tandems amplification and
sequencing (MCTA-seq), bisulfite-based methylation-specific region sequencing and 5hmC-Seal.
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relevant CGIs before sequencing can reduce the sequencing re-
quirements. Reduced-representation bisulfite sequencing (RRBS) is
an approach being developed based on this strategy, which makes
use of a methylation-insensitive restriction enzyme Msp I to select
for CpG-rich sequences (Meissner et al., 2008). Single-cell RRBS
(scRRBS) is an adaptation to RRBS which reduces the required input
to ~1 ng of DNA (Guo et al., 2013). Recently, scRRBS has been
applied to detect cfDNA methylation (Guo et al., 2017). This
approach performs adapter ligation immediately after DNA frag-
mentation by restriction enzyme Msp I, and then performs the
bisulfite conversion of the ligated DNA. After this procedure, the
purified DNA is amplified and subjected to deep sequencing (Fig. 2).
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3.3. Methylated CpG tandems amplification and sequencing (MCTA-
seq)

MCTA-seq is a novel DNA methylation analysis technique to
detect hypermethylated CGIs in cfDNA (Wen et al., 2015). In this
approach, bisulfite treatment is performed at first, and then semi-
random primers are used to amplify the converted DNA at the 30-
end. Third, primers containing the CpG tandem sequence
“CGCGCGG” at the 30-end are used to selectively amplify the
methylated CpG tandem sites. Only the pre-amplified sequences by
the semi-random primer and “CGCGCGG” tandem primer can then
be amplified and sequenced (Fig. 2). This approach can highly
enrich CGIs in genome and solve the problem of low-input DNA
through multiple rounds of amplification. Because it can only
detect CpG tandem regions, MCTA-seq can decrease other
methylation backgrounds.

3.4. Bisulfite-based methylation-specific region sequencing

Bisulfite-based methylation-specific region sequencing uses
specific primers to amplify some interesting regions after bisulfite
treatment (Fig. 2), such as using SEPT9 promoter primers to diagnose
lung cancer (Powrozek et al., 2014). A vital step for this method is
how to design appropriate primers, as the complexity of DNA
sequence would reduce after bisulfite treatment. There are software
programs and guidelines which can be used to obtain available
primers (Ostrow et al., 2010; Hernndez et al., 2013). Meanwhile, it is
also essential to find the regions that can distinguish between tumor
and normal tissues. This approach is one of the most convenient and
cheap approaches for disease diagnosis. The simple procedure and
rapid detection make this approach appropriate for clinical practice.
However, there is also doubt about the accuracy of this approach, as
cancer is heterogeneous and complicated.

3.5. 5hmC-seal technology for 5hmC profiling in cfDNA

Emerging evidence indicates that 5hmC not only marks active
demethylation but also acts as a relatively stable epigenetic marker
(Wu and Zhang, 2017). Recent studies reported that 5hmC has a
correlationwith gene regulation (Konstandin et al., 2011; Han et al.,
2016), tumorigenesis (Haffner et al., 2011; Kraus et al., 2015) and
other diseases (Barzilai et al., 2012). 5hmC displays a tissue-specific
mass distribution and reduced 5hmC levels are also observed in
solid tumors (Kriaucionis and Heintz, 2009; Globisch et al., 2010;
Jin et al., 2011). These observations suggest that 5hmC signatures in
cfDNA may also be potential biomarkers for cancer diagnostics.
Recently, genome-wide profiling of 5hmC in cfDNA supports its role
as markers for cancer diagnosis (Li et al., 2017; Song et al., 2017).
The approach used in these two studies was optimized from a
previously published hMe-Seal profiling method (Song et al., 2011),
named 5hmC-Seal. In this approach, cfDNA is first ligated with
sequencing adapters. Then, 5hmC-containing cfDNA fragments are
labeled with a biotin group for pull-down with streptavidin beads.
Table 1
Comparison of different cfDNA methylation analysis methods.

Analysis method Advantage

WGBS Provide genome-wide methylation informat
resolution

scRRBS Enriched CGIs and cost-effective
MCTA-seq Highly sensitive methylation detection and

Bisulfite-based methylation-specific
region sequencing

Easy to perform and cost-effective

5hmC-Seal Do not further degrade the highly fragmente
cost-effective sequencing
Through the selective labeling reaction and subsequent pull-down
procedure, 5hmC-containing cfDNA fragments can be specifically
captured. The final library is amplified by PCR and then subject to
high-throughput sequencing (Fig. 2).

The comparison of these cfDNAmethylation analysis methods is
summarized in Table 1, and the selection of these technologies
mainly depends on the methylation changes to be detected. WGBS
can detect DNA methylation changes in the all genome, while it is
very expensive. scRRBS and MCTA-seq mainly detect methylation
changes in the CGIs, the methylation states of which may have a
correlation with gene expression. Bisulfite-based methylation-
specific region sequencing can only detect methylation changes in
specific regions and is mainly used to detect the methylation states
of gene promoters. 5hmC-Seal is a technology to detect 5hmC
changes.

4. Future directions

Proof-of-concept studies demonstrate that cfDNA methylation
may be useful biomarkers and there are many prospective studies
of the clinical utility of cfDNA methylation. However, a lot of chal-
lenges for cfDNA methylation analysis still remain, and the major
challenge is that current approaches are essentially adapted to
examining methylation in genomic DNA. Almost all of the cfDNA
methylation analysis methods depend on bisulfite sequencing,
which can cause a degree of DNA degradation. As cfDNA is highly
fragmented and the quantity of cfDNA is limited, bisulfite treatment
may lead to the loss of some DNA region and reduce the repeat-
ability of the assay. WGBS provides whole methylation information
in cfDNA, while this approach is expensive. Subsequent optimized
approaches scRRBS and MCTA-seq aim at capturing CpG-enriched
cfDNA fragments, which would lead to loss of some critical DNA
methylation sites. More appropriate cfDNA methylation analysis
approaches are needed to improve the sensitivity and specificity of
cfDNA methylation biomarkers.

5hmC signatures in cfDNA have been reported as biomarkers for
cancer diagnosis via 5hmC-Seal approach. However, the sensitivity
of these 5hmC biomarkers may be limited as 5hmC-Seal cannot
offer base resolution signal of 5hmC. Development of approaches,
which can not only enrich 5hmC-containing cfDNA but also give the
base resolution 5hmC information, will facilitate the clinical unity
of 5hmC biomarkers in cfDNA. The other two DNA active deme-
thylation intermediates 5 fC and 5caC, although they present very
low abundence in genome, are also potential functional epigenetic
modifications. Future studies will test their potential as biomarkers
in cfDNA.
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