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Abstract: Lung cancer is the leading cause of cancer-related deaths worldwide. Recent implementation
of low-dose computed tomography (LDCT) screening is predicted to lead to diagnosis of lung cancer
at an earlier stage, with survival benefit. However, there is still a pressing need for biomarkers that will
identify individuals eligible for screening, as well as improve the diagnostic accuracy of LDCT. In addition,
biomarkers for prognostic stratification of patients with early stage disease, and those that can be used as
surrogates to monitor tumor evolution, will greatly improve clinical management. Molecular alterations
found in the DNA of tumor cells, such as mutations, translocations and methylation, are reflected in DNA
that is released from the tumor into the bloodstream. Thus, in recent years, circulating tumor DNA (ctDNA)
has gained increasing attention as a noninvasive alternative to tissue biopsies and potential surrogate for the
entire tumor genome. Activating gene mutations found in ctDNA have been proven effective in predicting
response to targeted therapy. Analysis of ctDNA is also a valuable tool for longitudinal follow-up of
cancer patients that does not require serial biopsies and may anticipate the acquisition of resistance. DNA
methylation has also emerged as a promising marker for early detection, prognosis and real-time followup of tumor dynamics that is independent of the genomic composition of the primary tumor. This review
summarizes the various investigational applications of methylated ctDNA in lung cancer reported to date. It
also provides a brief overview of the technologies for analysis of DNA methylation in liquid biopsies, and the
challenges that befall the implementation of methylated ctDNA into routine clinical practice.
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Introduction
Lung cancer is the second most common cancer in the
United States, and is the leading cause of cancer-related
deaths worldwide. Patients diagnosed at an early stage
have the best chance for survival. Unfortunately, only one
third of patients with non-small cell lung cancer (NSCLC),
which represents more than 80% of lung cancer cases, are
diagnosed with localized, potentially curable disease (1).
Screening using low-dose computed tomography (LDCT)
has recently been shown to improve the early detection
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of lung cancer –60% of the cases diagnosed at stage I—
and reduce cancer mortality by 20% compared to chest
radiography (2). Although very promising, LDCT scanning
identifies a high number of nodules that prompt further,
invasive testing but do not result in a lung cancer diagnosis (2),
detects many lung cancers that seem to be indolent (3), and
remains a costly screening method to implement. Changing
eligibility criteria for LDCT screening, from heavy smokers
(at least 30 pack-years, current smokers or with no more
than 15 years since quitting) aged 55 to 80 years, to a riskbased selection of ever-smokers aged 50 to 80 years, has been
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shown to improve screening effectiveness and efficiency (4).
In addition, the systematic computational extraction, mining
and interpretation of imaging features found in CT scans
of lung cancer patients has led to the development of a
prognostic signature (5,6). Radiomics-based biomarkers
are now also being evaluated for performance in risk
stratification of lung cancer patients diagnosed by LDCT to
facilitate individualized patient management (7). Surgery is
the main treatment for stage I NSCLC, but some patients
with stage IB receive adjuvant chemotherapy to reduce the
risk of disease recurrence. Still, 30% of patients experience
relapse and die of their disease (8). Developing new markers
for the early detection, prognosis and monitoring of lung
cancer is therefore urgently needed to increase the efficacy of
screening and reduce disease mortality.
Like many types of cancers, lung cancer is characterized
by diverse genetic alterations. This diversity poses a
challenge for the development of reliable and broadly
applicable DNA-based biomarkers. The variability in gene
mutations contrasts with the consistency of epigenetic
changes that occur during carcinogenesis. Epigenetic
abnormalities, comprising alterations in DNA methylation,
histone modifications, nucleosome positioning and noncoding RNAs are considered hallmarks of cancer initiation
and progression (9). Recent advances in the field of lung
cancer epigenetics have revealed promising biomarkers,
particularly involving changes in DNA methylation, which
is the best studied epigenetic mark in human cancer.
The role of de novo methylation in cancer initiation and
progression
DNA methylation occurs at the 5th carbon of the cytosine
ring within CpG dinucleotides. This reaction is catalyzed by
three main DNA methyltransferases (DNMTs) responsible
for de novo methylation during development (DNMT3A and
DNMT3B), or the maintenance of methylation following
DNA replication (DNMT1 assisted by DNMT3A and
DNMT3B). CpG sites are located throughout the genome,
but their distribution is uneven and their methylation follows
a bimodal profile (10). The vast majority of the genome
contains few CpGs (less than 1 CpG per 100 bp), and most of
these are methylated in normal cells (11). In contrast, around
2% of the genome contains high CpG density (~1 CpG per
10 bp) in regions referred to as CpG islands (CGIs). CGIs
are located at transcription start sites (TSS) within 50–60%
of gene promoters and are often unmethylated during normal
development or in adult cells (12).
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The function of DNA methylation varies according to
the localization of the target CpG sites. When it occurs at
TSS, DNA methylation is generally a repressive mark that is
correlated with the inhibition of transcription initiation (13).
Paradoxically, methylation of CpG sites in the gene body
appears to stimulate transcription elongation (14). Recent
evidence supports a novel role for DNA methylation in
regulating gene splicing when it occurs at exon-intron
boundaries (15). Intragenic DNA methylation may also
silence alternative promoters and suppress the expression of
retrotransposon elements, thus maintaining transcription
efficiency and ensuring genome stability (16).
Aberrant methylation patterns are hallmarks of many
cancers, including lung cancer. Various factors associated
with lung cancer have been shown to alter the epigenome,
including aging, chronic inflammation and carcinogen
exposure, such as cigarette smoking (17). Methylation
changes occur early during carcinogenesis and favor tumor
progression. The cancer genome is globally hypomethylated,
except for the dense methylation at CGIs that is associated
with the permanent repression of tumor suppressor genes
and other cancer-related genes, which promotes cancer
progression (13,18). Typically, 5–10% of the CGIs are
hypermethylated in cancer cells (18). Interestingly, studies
have shown that these genes were often already silenced in
pre-malignant cells and in cancer stem cells (CSCs), through
a Polycomb-mediated repressive histone modification (trimethylated H3K27me3) (19-21). Thus, a silent but reversible
state precedes methylation, which serves as a highly stable
silencing mark. This epigenetic switch may be responsible
for a reduced plasticity of gene expression in adult cancer
cells, which may facilitate the proliferation of abnormal cell
clones. Finally, spontaneous deamination of 5-methylcytosine
residues to thymine is a major cause of cytosine to thymine
transition mutations and contributes to the altered
genetic profile of cancer cells (22). In NSCLC, CGI
hypermethylation is associated with cigarette smoking (23),
histological subtype (24,25), progression (26), clinicallyrelevant molecular subtypes (27-29), and patient prognosis
(30-33).
The biological basis of circulating cell-free DNA (cfDNA)
cfDNA is a mixture of nucleic acids originating from
different tissues, hematopoietic cells being its main source in
healthy subjects (34). The concentration of cfDNA greatly
varies between individuals, but is generally very low—
often less than 10 ng per mL of plasma (35,36). Elevated
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Figure 1 Applications of ctDNA in the clinical management of lung cancer patients. ctDNA, circulating tumor DNA; LDCT, low-dose
computed tomography.

level of cfDNA is detected consequent to tissue trauma,
inflammation or diseases such as cancer. In the context
of cancer, circulating tumor DNA (ctDNA) represents a
substantial fraction of cfDNA, ranging from <0.05% (37)
to 90% (38). Many factors influence the concentration
of ctDNA, most importantly tumor volume, localization
and vascularization, but also a patient’s response to
chemotherapies, as well as hepatic and renal clearance (39).
ctDNA mostly derives from apoptosis and necrosis of the
primary tumor and metastatic lesions (38). As a consequence,
ctDNA consists of short fragments (180–200 bp),
characteristic of the nuclease digestion that occurs during
these processes. Recent studies have also reported the
contribution of alternative sources of ctDNA, such as
circulating tumor cells (CTCs) (40,41), and blood exosomes
released by tumor cells (42).
Liquid biopsies have gained increasing attention in
recent years, as they are a convenient and minimally
invasive means of interrogating tumor DNA. Many studies
have shown concordant genetic and epigenetic alterations
between ctDNA and corresponding tumor tissue DNA
(43-45). ctDNA potentially reflects the intra- and intertumor molecular heterogeneity in primary and metastatic
cancer. Multiple tumor-specific changes are detectable;
including mutations, copy number variations, chromosomal
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rearrangements and aberrant methylation patterns, which
are the scope of this review.
Herein, we provide an overview of candidate DNA
methylation-based blood biomarkers for lung cancer
reported to date, describe the current technologies
to analyze methylated ctDNA, and finally discuss the
challenges to implementing these biomarkers for clinical
management of lung cancer patients.
Methylated ctDNA as a biomarker for lung cancer
The development of biomarkers based on tumor-specific
methylation is a promising approach to improve early
detection of lung cancer and disease monitoring. Hereafter
we review the state of research in ctDNA methylation
biomarkers within the context of their potential application
to address the unmet needs of clinical management of lung
cancer patients (Figure 1).
Methylated ctDNA as a screening and diagnostic
biomarker
As global hypomethylation of DNA sequences and focal
hypermethylation at CGIs are already observed at the
early stages of tumorigenesis, methylation constitutes
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an attractive approach for the early detection of
cancer. Several studies have reported the potential of
investigating tumor-specific methylations in blood for
the screening and diagnosis of lung cancer. Various gene
promoters were found to be differentially methylated
in ctDNA between patients with lung cancer and
controls, including short stature homebox 2 (SHOX2)
(44,46), doublecortin like kinase 1 (DCLK1) (47), septin9
(SEPT9) (48), ras association domain family 1 isoform A
(RASSF1A) and retinoic acid receptor B2 (RARB2) (49).
The sensitivity and the specificity of these candidate
biomarkers are reported in Table 1. It is important to note
that a large proportion of cases in these studies are latestage cancers. Therefore, to validate a biomarker useful for
the screening and/or diagnosis of lung cancer, inclusion of
patients amenable to curative therapy would be necessary.
Methylated ctDNA as a prognostic biomarker
DNA methylation can be indicative of tumor aggressiveness
and risk of cancer recurrence due to residual disease after
surgical resection and/or chemotherapy. ctDNA has a short
half-life (~2 h), and its persistence in the blood following
surgery has been linked to poor prognosis (37). In the
context of early stage malignancies, prognostic biomarkers
are urgently needed to distinguish patients who are cured
with surgery alone, from those at high risk of disease
recurrence who may benefit from adjuvant chemotherapy.
The prognostic significance of gene promoter ctDNA
methylation has been described in several studies, although
most of them evaluate late-stage cancers (Table 1). Detection
of methylated breast cancer metastasis suppressor-1
(BRMS1) and (sex determining region Y)-box 17 (SOX17)
in operable and advanced NSCLC, was shown to have a
negative impact on survival (43,50). In contrast, SFN (14-3-3
Sigma) promoter methylation was correlated with a reduced
risk of death (51). Interestingly, in addition to its diagnostic
value, DCLK1 methylation was also associated with shorter
survival (47).
Methylated ctDNA in the prediction and monitoring of
response to therapy
One of the most important applications of liquid biopsies is
the prediction and monitoring of treatment response. This
minimally invasive procedure overcomes the problems of
repeated tumor sampling, and allows ‘real-time’ evaluation
of tumor dynamics, as ctDNA level is expected to reflect
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tumor burden. In addition, the abundance of ctDNA
may provide an earlier indication of response to drug
treatment, compared to imaging or conventional proteinbased marker assays. Several studies have reported the
use of tumor-specific methylation for tracking a patient’s
response to therapy (Table 1). Wang and colleagues reported
an elevated level of adenomatous polyposis coli (APC) and
RASSF1A promoter methylation in ctDNA within 24 h
after cisplatin-based therapy, consistent with chemotherapyinduced cell death (52). Methylation of SHOX2, RASSF1A
and RARB2 has shown potential to monitor disease
recurrence after surgery and chemotherapy (49,53). The
value of methylated ctDNA to predict response to therapy
has also been investigated. Patients with unmethylated
checkpoint with forkhead and ring finger domains (CHFR)
promoter survived longer when receiving EGFR tyrosine
kinase inhibitors as second-line treatment, compared to
conventional chemotherapy (54). Finally, with the recent
demonstration that combined epigenetic therapy has
efficacy in lung cancer patients (55), future applications
of methylated ctDNA for monitoring the activity of
demethylating agents will soon come to the forefront.
Technical aspects associated with analysis of
methylated ctDNA
The choice of a specific method for analysis of ctDNA
methylation depends essentially on the research question.
From studies of a few candidate CGI-associated gene
promoters, to analysis of thousands of CpG sites by
microarrays, and more recently to whole genome bisulfite
sequencing (WGBS), the scope of platform choices for
measurement of biomarkers in ctDNA continues to expand.
Still, quality and amount of ctDNA—the methylated
fraction being even smaller—remain the major limitations
that preclude a comprehensive analysis of methylation
in ctDNA. Therefore, before giving an overview of the
technologies applicable to ctDNA methylation analysis,
we will discuss some critical pre-analytical considerations
to optimize the cfDNA yield and introduce the general
principles associated with distinguishing unmethylated from
methylated cytosines.
Pre-analytical parameters
Both plasma and serum have been used to isolate cfDNA,
even though it is still debated whether plasma is a
better source for cfDNA. When using plasma, EDTA
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anticoagulant is usually the anticoagulant of choice, even
though the type of blood collection tubes is not always
detailed. Higher quantity of cfDNA has been reported in
serum (36,56). However, several studies have demonstrated
that genomic DNA released by the lysis of blood cells
during serum collection adversely affects the quality of
cfDNA (35). Specifically, DNA released from leukocytes
increases in serum within 4 hs, compared to no change in
plasma up to 8hs after collection (36). Therefore, same day
processing of blood sample is highly recommended, with an
immediate serum separation. The starting volume of blood
necessary to obtain a sufficient amount of cfDNA will vary
depending on the downstream analysis method.
A technical concern arising from the fragmentation
of cfDNA is that classical DNA purification methods
developed for genomic DNA are not efficient at isolating
cfDNA, leading to further DNA loss (57). To overcome
this limitation, a broad range of kits specifically developed
for cfDNA isolation has become commercially available. A
series of publications have compared the performance of
several of these extraction kits (57-59). These kits recover
low molecular weight nucleic acids with different extraction
efficiency and reproducibility. Variations in output DNA
may also result from different DNA quantification methods,
which makes it difficult to define a ‘gold standard method’
for cfDNA extraction.
Methods to distinguish unmethylated from methylated
cytosines
Over the past several years, numerous approaches have been
developed that enable the discrimination of methylated
from unmethylated CpGs. Treatment of DNA with bisulfite
has become the most widely used method, as it can be
coupled with a variety of detection technologies including
microarrays, next-generation sequencing (NGS) and
PCR-based assays. Bisulfite-based methods use a chemical
reaction that rapidly deaminates unmethylated cytosines
to uracils, whereas methylated cytosines are only slowly
converted. Besides transforming an epigenetic mark into
point mutation, bisulfite treatment induces random DNA
breaks, resulting in short single-stranded DNA fragments.
Bisulfite conversion is a harsh process that will dramatically
affect DNA recovery, especially for cfDNA which is already
highly fragmented and present at very low concentrations.
In the past few years, several bisulfite conversion kits with
improved recovery of sparse amounts of cfDNA have
become commercially available. Increased recovery is
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mostly attained by reducing the incubation time of DNA
with bisulfite conversion reagent. Comparisons of the
main features of some of these kits with regards to DNA
recovery, DNA fragmentation and conversion efficiency
were recently published (60,61). Again, due to the lack
of standardization of the quantification methods, DNA
yield is inconsistent across studies. Several approaches can
be used to assess the amount of converted DNA, such as
a UV spectrophotometer (RNA setting on Nanodrop),
a fluorimeter (Qubit ssDNA assay kit, Invitrogen), or a
qPCR-based assay. For the latter, amplification of a cytosine
free sequence will allow the quantification of total amount
DNA, including converted and unconverted DNA. Only
one of the strands will be amplified and therefore the
amount needs to be corrected by a factor 2. An important
consideration is that the basis for quantification is different
between spectrophotometric and qPCR methods. While
spectrophotometric methods assess total DNA, qPCR
assays only target amplifiable DNA. In addition, yield
depends on amplicon efficiency and the degree of random
fragmentation of the amplification template during
bisulfite conversion, which makes the DNA recovery
measured by qPCR generally lower than that assessed by
spectrophotometric methods.
Despite the many advantages of bisulfite conversion, the
technique has several drawbacks. Besides substantial DNA
degradation, the reduction in sequence complexity resulting
from conversion constrains primer design for subsequent
PCR amplification and complicates alignment of sequencing
reads to a reference genome. In addition, bisulfite treatment
does not allow for the distinction between 5-methylcytosines
and 5-hydroxymethylcitosines, another base modification,
as both are resistant to deamination (62). Therefore,
5-hydroxymethylcytosines may lead to false-positives in
downstream analyses. Finally, even though conversion
efficiencies of the different commercially available kits are
very high (98.7–99%), failure to convert unmethylated
cytosines to uracils or inappropriate conversion of
methylated cytosines to uracils, will lead to falsepositive and false-negative results, respectively, and assay
inconsistencies (63).
Bisulfite-independent methods also exist that
discriminate methylated CpGs from unmethylated ones.
Methylation-Sensitive Restriction Enzymes (MSREs) that
solely cut unmethylated DNA have been adapted for the
study of cfDNA methylation in serum and plasma from
patients with lung (64) or other cancers (65,66). With
this method, the rate of false-positives due to incomplete
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DNA digestion can be prevented using a combination of
MSREs. Finally, affinity-based methods such as MethylCpG Binding Domain MBD2 proteins (MBD, also termed
Methyl Cap) have been developed that take advantage of
the interaction of these proteins with methylated sequences
and rely on separation of DNA by salt gradients according
to CpG methylation density. MBD is applicable to cfDNA
studies, even though the very low recovery of methylated
DNA (7% to 14.9% with a modified protocol) remains a
major limitation for downstream analysis (36,67,68). The
method also demonstrates a bias toward CGIs.
Technologies for genome-wide DNA methylation analysis
In recent years, the development of high-throughput
techniques to measure DNA methylation has revolutionized
our understanding of the role of this epigenetic mark and
allowed the discovery of novel gene regulatory mechanisms.
Genome-wide evaluation of DNA methylation is generally
based on either microarray-hybridization or NGS.
Array-based hybridization for measurement of
methylated cytosine
Genome-wide screening of DNA methylation was
initially conducted by microarrays featuring an increasing
number of targeted CpGs, mostly focused on CGIs.
Microarrays hybridization is subsequent to digestion
of DNA with MSREs, affinity purification or bisulfite
conversion. The Infinium Human Methylation 450 Bead
Chip Array (Illumina) is one of the most advanced arraybased approaches for methylation profiling, and has
been described extensively (69). This array platform can
detect the methylation status of 485,000 individual CpGs
encompassing 99% of reference genes and 96% of CGIs.
It also covers CGI shores (regions about 2 kb upstream
of CGIs), miRNA promoters and coding regions. Other
microarray platforms are also available to achieve global
methylation profiling (70).
The ease of array-based methodologies is ideal for a first
pass methylation profiling. However, the large amount of
input DNA required (500 ng–1 µg) precludes the widespread
assessment of DNA methylation in liquid biopsies. Still,
encouraging results from a recent pilot study showed that
genome-wide profiles of DNA methylation in ctDNA are
consistent with corresponding tumor tissues (71).
NGS
NGS technologies are now more frequently used, as they
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provide a higher genomic coverage compared to microarrays
and a single nucleotide resolution. Protocols have been
adapted to allow the methylation analysis of bisulfite
converted DNA. Using WGBS, it is theoretically possible
to determine the methylation status of the 28 million
CpGs contained in the human genome—even though in
practice some sites are poorly covered (69). WGBS can be
performed with ~30 ng of DNA, and in some cases as little
as 125 pg, which makes it an applicable method for analysis
of cfDNA. Hence, several recent studies have used WGBS
to analyze the methylomes of plasma cfDNA (72-74).
Since only a small fraction of the genome is differentially
methylated in cancer, enrichment methods can be coupled
to bisulfite sequencing to limit the cost associated with
WGBS. This also results in increased coverage of specific
CpGs. Unfortunately, common enrichment techniques
such as reduced representation bisulfite sequencing
(RRBS) require high amount of high-quality DNA and are
therefore not easily applicable to ctDNA. Finally, online
software tools have been designed to specifically analyze
bisulfite sequencing data. This step is not straightforward,
as converted DNA is difficult to assemble and compare to a
reference genome.
Gene-specific DNA methylation assays
The aim of the screening methods described above is to
identify methylation differences that will ultimately be
confirmed in a locus-specific assay to validate the candidate
biomarker and evaluate its clinical utility. So far, studies
have essentially focused on the methylation status of CGIs.
The most commonly used quantitative approaches include
pyrosequencing and PCR assays, both these methods rely
on bisulfite-treated DNA.
Pyrosequencing
Pyrosequencing provides real-time quantitative data on the
methylation status of multiple CpGs within an amplicon.
Distinct from Sanger sequencing, pyrosequencing uses
a sequencing-by-synthesis system that relies on the
luminometric detection of pyrophosphates released as
nucleotides are incorporated into the extended strands.
Briefly, CpG-bearing sequences of interest are amplified by
PCR, using primers designed specifically to anneal bisulfitemodified DNA. One of the primers is biotinylated, which
allows the isolation of the biotin-labeled single strand using
streptavidin beads. The DNA template is then added to
a pyrosequencing plate containing the pyrosequencing
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primer, and the reaction is analyzed in a pyrosequencer
(75,76). Besides the specific equipment required, one of
the main limitations of this method for use with clinical
specimens is the length of the sequence read, which
decreases the quantitative accuracy of the methylation status
of CpG sites distant from the 3’ end of the primer.
Bisulfite-based PCR assays
A number of methods have been developed to allow for
ultrasensitive detection of ctDNA. From conventional to
quantitative methylation-specific PCR (qMSP , respectively),
and more recently digital PCR-based approaches, the current
techniques have very high analytical sensitivity to detect rare
methylated alleles in a background of unmethylated DNA.
Due to the rapid evolution of the technology, PCR assays
are not only applicable to patients with high tumor burden,
but also to those with early-stage disease.
A critical step common to all these methods is the
design of methylation-specific primers and probe. Because
bisulfite-treated sequences are highly redundant, primers
are more susceptible to bind multiple DNA templates. To
reduce false-priming events, a variety of design guidelines
and software programs are available (60,77). The different
platforms allow users to customize various parameters
including primers and probe length, amplicon size, melting
temperature, secondary structures, and number and position
of CpG sites contained in the sequence.
Methylation-specific PCR (MSP)
MSP is a qualitative assay allowing for the discrimination
of the methylation status of a region of interest (78). Two
primer sets are used—one binding to the methylated
allele and the other to the unmethylated allele—and both
are designed to anneal to the same sequence. MSP is
generally associated with high false-priming events when
high numbers of PCR cycles are used. In addition, a gel
electrophoresis is required to detect PCR amplification
products, which limits the implementation of MSP in the
clinic.
qMSP
The first qMSP assay was named MethyLight, which
combined MSP with a Taqman probe (79). In order to
determine the methylation status of a region of interest,
either the primers, or the probe, or both are designed
to overlap CpGs. To maximize specificity towards the
methylated allele, primers should contain as many CpGs
as possible preferentially close to the 3’ end, and the probe
includes three to five CpGs. Only one permutation can be
detected at a time, and is generally the fully methylated
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variant. MethyLight requires a control reaction for input
DNA. To amplify only the converted sequence, neither
the primers nor the probe contain CpGs. If neither of
them overlaps cytosines, then the total amount of DNA
is measured, regardless of bisulfite conversion. A standard
curve is generated using a serial dilution of a converted fully
methylated DNA as a reference. The relative abundance of
methylation is then obtained by calculating the percentage
of methylated ratio (PMR).
MethyLight overcomes some of the major limitations
of MSP, including the real-time detection of PCR
amplification and the non-specific priming events, which
are reduced by the probe hybridization. The assay is 10fold more sensitive than MSP. MethyLight enables the
detection of a methylated allele in a 10,000-fold excess
of unmethylated alleles, which makes it suitable for the
analysis of ctDNA. MethyLight can also be multiplexed to
detect several regions of interest in one reaction mixture,
using different fluorescent-labeled probes.
Digital MethyLight (dMethyLight)
dMethyLight is a compartmentalized MethyLight that
allows for the detection and counting of a single methylated
allele (80). The DNA sample is diluted and distributed
over a large number of reaction wells. In theory, each well
contains either one (positive well) or no template molecules,
allowing the absolute quantification of the methylated locus
so that no calibration is required. Unmethylated DNA is
sequestered into negative wells, while the ratio methylatedto-unmethylated is kept high in positive wells. The
competition for methylation specific-primers and probe is
also reduced, which is an advantage for the rare methylation
events in liquid biopsies. The method provides a better
detection than MethyLight, and multiplexed dMethyLight
assays can also be implemented. However, the sensitivity
and the reproducibility of dMethyLight are governed by
the number of wells, making it time-consuming and reagent
intensive.
Droplet digital MethyLight (ddMethyLight)
ddMethyLight is based on the same compartmentalization
principle as dMethyLight, but at a larger scale. Instead of
a hundred wells, up to 20,000 droplets are generated in an
emulsion. Each single droplet is detected as either positive
or negative, depending on the presence of the methylated
allele. ddMethyLight has a very high sensitivity (0.001%)
and has been shown to be 25-fold more sensitive than
MethyLight (81). The small reaction volume (20 µL) makes
it more cost-effective than dMethyLight. The fragmented
pattern of cfDNA is also an advantage as it improves the
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performance of ddPCR. However, this technology is low
throughput, with only duplex reactions possible.
Other highly sensitive technologies have been developed
in recent years, such as Methyl-BEAMing (0.01%
sensitivity for rare events) (82) or RainDrop digital PCR
(0.0005% sensitivity for rare events) (83), which may in the
future offer unique analytical advantages for early-stage
biomarkers in liquid biopsies.
Current challenges and future perspectives
As a noninvasive biopsy and potential surrogate for the
entire tumor genome, ctDNA is a promising biomarker
for early cancer detection, risk stratification, monitoring
of tumor dynamics, and prediction of response to therapy.
However, a number of challenges still remain before liquid
biopsies are fully implemented in the clinical management
of cancer patients. The developments of reproducible,
sensitive and specific assays, and the demonstration of
biomarker performance in prospectively-collected target
populations, are the two key hurdles that need to be
surpassed before liquid biopsies can become a routine part
of patient care.
Despite technological advances in recent years,
sensitivity and specificity of currently available assays to
detect molecular alterations in ctDNA, are still a major
issue of concern for the discovery and the development of
biomarkers. Current technologies were essentially adapted
to examine methylation in solid biopsies, and most DNA
methylation biomarkers are still initially discovered in
tumor tissues before being evaluated in blood samples.
However, as the sensitivity of analytical tools increases,
detection of very low levels of methylated ctDNA from
early stage or minimal residual disease may become possible.
The development of reliable and reproducible biomarkers
will also require standardization of pre-analytical methods.
Robust sample processing, from blood collection to ctDNA
extraction and preparation for methylation analyses, is
essential to improve data quality and accuracy so that results
can be compared across studies. Furthermore, validations
should be conducted under clinical laboratory improvement
amendments (CLIA)-certified laboratory standards (84).
CLIA certification is a necessary step for translating a
companion diagnostic into a clinical test. Compliance with
CLIA federal regulatory standards ensures acceptable test
performance characteristics, including accuracy, precision,
reportable range, reference interval, analytical sensitivity,
and analytical specificity.
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As DNA methylation is often considered an early event
in carcinogenesis, tumor-specific methylation has a great
potential to be used as a screening and/or diagnostic
tool in conjunction with LCDT. It could help prioritize
individuals to LDCT screening, and limit overdiagnosis
that leads to unnecessary surgical procedures. Funding
opportunities focused on the integration of imaging and
biomarkers are being put forward to stimulate much
needed synergy in this area of research. Among them, the
National Cancer Institute, NIH is supporting projects that
combine established imaging techniques and investigational
biomarkers to improve early disease detection (85).
Most candidate biomarkers are discovered in small
retrospective cohort or case-control studies, and few are
validated in independent studies. To verify that a candidate
biomarker performs well for the clinical context and target
population for which it was originally developed, it is
necessary to validate its clinical utility in statistically wellpowered prospective trials. Given that environmental and
lifestyle factors (i.e., smoking) influence methylation, the
control population should be selected accordingly. Due
to financial constraints and/or limited availability of the
targeted population, all biomarkers cannot be tested in large
trials. Use of blood samples collected as part of a completed
prospective trial, or initiatives such as the ‘Biomarker,
Imaging and Quality of Life Studies Funding Program’
encouraging the integration of candidate biomarkers to
large prospective trials could be an alternative to overcome
these obstacles (86).
The first blood test that interrogates ctDNA methylation
for cancer screening was approved by the US Food and
Drug Administration (FDA) in April 2016 (87). This assay,
marketed as Epi proColon (Epigenomics, Inc.), is based on
SEPT9 promoter methylation and has been approved for
screening and diagnosis of colorectal cancer (88). Proofof-concept clinical trials of ctDNA methylation as an early
indicator of lung cancer (89), prognostic marker (90), or
surrogate for DNA demethylating agent activity (91) are
currently ongoing. Owing to the wide variety of potential
clinical applications of methylated ctDNA and the rapidly
advancing technologies, we will soon see a surge in the
number of candidate biomarkers. These discoveries should
in turn translate into companion diagnostics that address
the unmet needs of lung cancer patients.
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