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Abstract Non-small cell lung cancer (NSCLC) is the
common type of lung cancer, which is the leading cause
of cancer death throughout the world. Most patients
were diagnosed too late for curative treatment. So, it
is necessary to develop a minimal invasive method to
identify NSCLC at an early stage. In recent years, cell-
free circulating tumor DNA (ctDNA) has attracted in-
creasing attention as a potential tumor marker for its
minimal invasive, convenient, and easily accepted prop-
erties. The amount of ctDNA in plasma or serum was
significantly higher in NSCLC patients than that in
healthy controls or patients with benign diseases. Fur-
thermore, many studies have proved an association
among tumor stage, tumor grade, lymph node involve-
ment, the number of metastatic sites, tumor response,
survival outcome, and the ctDNA levels. Many genetic
changes, such as gene mutation, loss of heterozygosity,
microsatellite instability, and gene methylation were also
found in ctDNA in NSCLC patients. These findings
demonstrated that the ctDNA could serve as a viable
tool to monitor NSCLC and prompted us to find more
sensitive and specific biomarkers for clinical practice,
especially monitor these cases with at least one known
gene abnormality. Here, we reviewed the evidence of
ctDNA in NSCLC and consider possible future applica-
tions in patient management.
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Introduction

Lung cancer is the leading cancer killer in the World. An
estimated 160,340 Americans were expected to die from lung
cancer in 2012, accounting for approximately 28 % of all
cancer deaths [1]. The number of deaths due to lung cancer
has increased approximately 4.3 % between 1999 and 2008.
Non-small cell lung cancer (NSCLC) is the most common
type of lung cancer [2]. About 85 % of all lung cancers are
identified as NSCLC, and approximately 75 % of these are
metastatic or advanced at diagnosis [3]. Earlier tumor detec-
tion is associated with excellent survival. The overall 5-year
survival rate was 60—-80 % in stage I and 40-50 % in stage II
NSCLC after the patients were given surgical resection [4].
However, the current screening tests employed in clinical
practice are not good at detecting NSCLC at the early stage,
and this is a key factor in the high mortality rate of the disease.
So, it is necessary to develop new methods to facilitate the
early and rapid detection of NSCLC.

In the recent years, cell-free circulating tumor DNA
(ctDNA) has attracted more and more attention as a potential
tumor marker for its minimal invasive, convenient, and easily
accepted properties. The level of ctDNA in healthy controls is
low, but it is obviously increased in the blood of NSCLC
patients [5, 6]. Some studies reported that ctDNA could be
used as a significant predictor of disease progression in pa-
tients undergoing chemotherapy [7, 8]. Other studies found a
relationship between the ctDNA concentrations and the pa-
tients” outcome [6, 8, 9]. Moreover, an obvious transient rise
in the concentrations of ctDNA in NSCLC patients occurred
immediately after chemotherapy or tumor resection, followed
by a rapid decrease [10]. These observations suggested that
the kinetics of tumor-specific DNA in plasma may reflect
tumor burden, i.e., the rapid cell death following treatment
may release tumor cell DNA into the circulation, which de-
creases as the tumor regresses.
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Although the precise mechanism of DNA release into the
blood is not clear until now, many studies indicated that lysis
of tumor may be the main source of the DNA found in plasma/
serum of cancer patients and cell death by apoptosis or necro-
sis possibly play important roles in the process (Fig. 1) [11,
12]. Cancer treatment by radiotherapy and chemotherapy can
cause cell death by apoptosis. The chromosomal DNA in the
apoptotic bodies is degraded, and then the DNA fragments are
released into the circulation. Necrotic cells also produce a
large amount of ctDNA. Furthermore, inflammation frequent-
ly occurring in cancer also involves the increase in ctDNA
[13]. Some studies have proved that the ctDNA in cancer
patients mimics cancer cell DNA. In other words, tumor-
specific genetic alterations are also found in ctDNA in cancer
patients [14]. Therefore, ctDNA might be a highly promising
biomarker in the examination of tumor DNA and could be
applied in diagnosis, prognosis, and follow-up cancer testing
in the future.

In this review, we summarized the evidence in ctDNA in
the blood of NSCLC patients and consider possible future
applications in patient management (Fig. 2).

Quantitation of ctDNA in NSCLC patients

As early as 1965, Bendich et al. [15] had proven that ctDNA
was an important vehicle of oncogenesis. Then, Leon et al.
[16] determined the free ctDNA in the serum of cancer pa-
tients using radioimmunoassay method and proved that the
ctDNA could serve as a valuable tool to monitor the efficiency
of anticancer therapy. After that, hundreds of papers on
ctDNA in different cancer types have been published every
year, and many novel quantification methods were developed

and employed to detect ctDNA precisely. In recent years, with
the rapid development of polymerase chain reaction (PCR)-
based techniques and their widespread application, those
methods used in early studies have been replaced gradually
by PCR, including radioimmunoassay, enzyme-linked immu-
nosorbent assay (ELISA), DNA dipstick, dot-hybridization,
and nick translation. Furthermore, direct fluorescent
PicoGreen staining was also employed by some researchers
for DNA quantification due to its advantages of being inex-
pensive, less time-consuming, and relatively high sensitivity
[17]. For example, Ulivi et al. [5] examined the level of free
ctDNA in both 100 healthy donors and 100 NSCLC patients
by real-time quantitative PCR (qPCR). The results showed
that free ctDNA level was significantly higher in NSCLC
patients than in healthy donors. The median value of ctDNA
was 47.2 ng/ml (range, 0.7-251) for patients and 9.2 ng/ml
(range, 2.2—184) for healthy donors. Catarino et al. [6] deter-
mined the amounts of ctDNA in both NSCLC patients and
healthy individuals by qPCR. They found increased ctDNA
levels in NSCLC patients compared with control individuals.
A decreased overall survival time can be observed in patients
presenting high ctDNA levels when compared with lower
ctDNA concentrations. Kumar et al. [17] assessed the plasma
ctDNA levels in 42 NSCLC patients and 100 patients with
benign diseases by a fluorescence detection method. A signif-
icantly lower plasma ctDNA level was found in patients with
remission or stable disease than in those with progression.
Higher levels and insufficient decrease in plasma ctDNA
levels during the course of chemotherapy indicated poor out-
come. Monitoring of plasma ctDNA levels during the course
of chemotherapy could identify patients who are likely to
exhibit an insufficient therapeutic response and disease pro-
gression at an early stage. All these results suggested that

\ Possible source of circulating tumor DNA

Fig. 1 Possible source of circulating tumor DNA. Cell-free circulating
tumor DNA (ctDNA) is thought to originate from apoptotic and necrotic
cells of the primary or metastatic tumor, which discharge DNA early
during tumorigenesis. The physiology and rate of release is still not well
understood; tumor burden and tumor cell proliferation rate may have a
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substantial role in these events. Many genetic changes, such as gene
mutation, loss of heterozygosity, microsatellite instability, and gene meth-
ylation, which were thought to be cancer biomarkers, were found in
ctDNA in NSCLC patients
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Fig. 2 Quantitative analysis of circulating tumor DNA level and genetic
changes. Besides the changes in ctDNA levels in the NSCLC patients,
some tumor-specific changes of ctDNA have also been detected, includ-
ing gene mutation, microsatellite alterations, and gene hypermethylation.
These genetic changes provide clues to understand the initiation, progres-
sion, and metastasis of cancer. The circulating tumor DNA concentration
was determined by PCR or fluorescence methods after the ctDNA was
extracted from the plasma or serum of NSCLC patients. Gene mutations

quantification of ctDNA may be a good tool for NSCLC
detection with potential for clinical applicability and could
lead to better management of advanced-stage lung cancer.
The results of studies reporting the levels of ctDNA in
NSCLC patients are shown in Table 1. From Table 1, we
can see that almost all studies employed the QlAamp DNA
Mini kit or DNA Blood Mini kit to isolate DNA from plasma
or serum. Apart from two studies using fluorescence detection
method with PicoGreen dsDNA kit [17, 24], most of the
studies determined the concentration of ctDNA by qPCR [5,
6, 8—10, 18-23]. At present, qPCR is regarded as a standard
method for DNA quantification, characterized by high accu-
racy, reproducibility, and time effectiveness. A significant
advantage of qPCR is its ability to detect and quantify DNA
samples even from very small amounts of starting material.
When using the same DNA extraction method, as little as 2 ul
of DNA sample extracted from 8 pl of plasma is enough to
quantify ctDNA concentration by qPCR [8], whereas 50 pl of
DNA sample obtained from 200 pl of plasma is required by
PicoGreen assay [17]. It should be noted that efficient gPCR
largely depends on high-quality probe design, including probe

= D351300 - RARbeta2: RASSF1A = FHIT

- D351304 - SHP1P2 -EFEMP1 -pi4

- D351289 - DLEC1 -SFRP1 :=CHFR

= D951747 - APC
in ctDNA can be detected by many methods, including gPCR, ME-PCR,
gqPCR and direct sequencing, PCR-RFLP, PCR-SSCP, PCR-ARMS,
PNA-LNA PCR clamp, DHPLC, digital PCR, and NGS. These methods
each have its own advantages and disadvantages, so the primary consid-
erations when choosing a method are sensitivity, specificity, the cost per
genotype, and throughput. Microsatellite alterations can be detected by

PCR technology to observe band shifts and allele losses. Gene hyperme-
thylation can be evaluated by methylation-specific PCR

molecule sequence, length, concentration, and G-C composi-
tions. For example, a TagMan probe is the most frequently
used probe for qPCR technique, and its length should be 18 to
32 bases for optimal PCR efficiency. Increasing probe’s length
can increase sensitivity, but will lead to decreased specificity.
There is considerable variation in the reported results, with
estimates of median ctDNA levels ranging from 4.3 to
270 ng/ml in the NSCLC patients and 2.0 to 122.7 ng/ml in
the controls, reflecting a number of problems in interpreting
these data. Although the plasma/serum ctDNA levels varied
widely across studies, overall higher ctDNA concentrations
were detected in both patients and their corresponding con-
trols in the same study and vice versa. This suggested that
different laboratory procedures and techniques utilized for
quantification of ctDNA might be the main reasons for the
differences in ctDNA levels among laboratories. Different
reference genes, such as GAPDH, (3-actin, or hTERT, were
used to calculate the level of ctDNA in many studies, which
might partly explain the inconsistent results across studies.
Furthermore, many studies have proved an association among
tumor stage, tumor grade, lymph node involvement, the
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number of metastatic sites, tumor response, survival outcome,
and the ctDNA levels, indicating that individual differences
cannot be ignored. Most of the studies compared the differ-
ences in levels of ctDNA between patients and control cases,
including healthy controls or patients with benign diseases.
Most of the researchers took into account the issue of consis-
tency between controls and NSCLC patients, and both of them
were matched in age, sex, geographic area, smoking history,
and comorbidity. Furthermore, study size was usually small,
S0 it is necessary to increase the number of patients enrolled in
the study to provide convincing evidence in the future.

Genetic changes in ctDNA in NSCLC

Besides the changes in the levels of ctDNA in the blood of
NSCLC patients, some tumor-specific changes of ctDNA
have also been detected, including mutation in oncogenes or
tumor-suppressor genes, microsatellite alterations, hyperme-
thylation of promoter genes, and chromosomal rearrange-
ments. These genetic changes provide clues to understand
the initiation, progression, and metastasis of cancer. There-
fore, the detection of multiple genetic changes in ctDNA can
help in diagnosis, assessment of response to treatment, and
evaluation of recurrence.

Gene mutation

Many methods can be used to detect gene mutations in ctDNA
in NSCLC, including qPCR [25, 26], mutant-enriched PCR
(ME-PCR) [27-29], qPCR and direct sequencing [30], PCR-
restriction fragment length polymorphism (RFLP) [31], PCR-
single-strand conformational polymorphism (SSCP), PCR-
amplification refractory mutation system (ARMS) [32], pep-
tide nucleic acid-locked nucleic acid PCR clamp (PNA-LNA
PCR clamp) [33], denaturing high-performance liquid chro-
matography (DHPLC) [34], digital PCR [35], and next-
generation sequencing (NGS) [36]. Some of them can be used
to identify known mutations (i.e., most PCR-based tech-
niques), and others can be employed to screen unknown
mutations (i.e., next-generation sequencing).

Most methods of mutation detection depend on PCR tech-
nique. In these methods, conventional or modified PCR tech-
niques are employed to selectively amplify specific target
DNA sequence, and then the amplified products are analyzed
by electrophoresis or some other methods to find possible
mutations within the sequences. At present, direct sequencing
of PCR products is still considered the gold standard for gene
mutation analysis and can be used to detect novel mutations,
but its sensitivity is relatively low (about 20 %) [37]. To
improve the selectivity of PCR-based technologies for en-
hancing the detection of minority (mutant) alleles in clinical
samples, some methods with high sensitivity were developed

over the past two decades. For example, gPCR shows in-
creased sensitivity (about 5 %), decreased experimental time,
and higher throughput when compared with conventional
PCR, but it can only identify known mutations [25]. PCR-
SSCP is a reproducible, rapid, and simple method for both
known and unknown gene mutations; however, its sensitivity
varied dramatically with fragment size; the optimum size was
about 150 bp [38]. Both PCR-RFLP and PCR-ARMS are
simple and rapid methods with relatively high sensitivity for
detection of known mutations, but their final results need to be
verified by DNA sequencing [31, 32]. DHPLC detect muta-
tions according to differential retention time of homo- and
heteroduplex DNA under conditions of partial thermal dena-
turation. The main advantages of DHPLC are its high sensi-
tivity and high throughput, coupled with minimal post-PCR
manipulation and no requirement for sample labeling, al-
though precise temperature needs to be predicted for analysis
of each DNA fragment [39].

In recent years, digital PCR and NGS have been applied
more and more in mutation detection in ctDNA. In digital
PCR, each sample is diluted and separated into many individ-
ual reaction chambers so that each contains one or no copies of
the sequence of interest. Then, real-time PCR reaction is
carried out in all the chambers, and results are analyzed to
get absolute number of PCR target templates present in the
original sample. This separation allows a more reliable collec-
tion and sensitive measurement of nucleic acid amounts.
Compared with qPCR, digital PCR is capable of higher sen-
sitivity and precision and can offer direct quantification with-
out requiring a calibration curve. The method has been dem-
onstrated as useful for studying variations in gene sequences,
including copy number variants and point mutations. Yung
et al. employed digital PCR to identify epidermal growth
factor receptor (EGFR) mutation in ctDNA from the plasma
of NSCLC patients [35]. They found that exon 19 deletion and
L858R mutation were detectable in 17 and 26 % pretreatment
plasma samples, respectively. When compared with the se-
quencing results of the tumor samples, the sensitivity and
specificity of plasma EGFR mutation analysis were 92 and
100 %, respectively. The plasma concentration of the mutant
sequences was highly correlated with the clinical response.

Next-generation sequencing (NGS) provides high
multiplexing possibilities together with high sensitivity and
broad spectrum of detected mutations. NGS can accurately
identify low-level mutations down to a level of 2.3 %, with
an average coverage of 500x, and with a false discovery rate of
less than 1 % [40]. Narayan et al. distinguish circulating Kirsten
rat sarcoma 2 viral oncogene homolog (KRAS), BRAF, and
EGFR mutations in NSCLC patients by NGS technique [36].
They proved that the method was sensitive and could detect
approximately 1 variant in 5000 molecules. Furthermore, the
presence or absence of KRAS mutations in all tested tumor
tissues was concordant with the findings in plasma.
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These methods described above each have their own ad-
vantages and disadvantages. Some are not sensitive enough
and yield ambiguous results, while others are sensitive but
give nonspecific false positives. Also, some of these methods
are labor-intensive and time-consuming, and they may require
specialized or costly equipment and reagents. Because ctDNA
represents only a small fraction of the total circulating DNA,
and in many cases, the quantity of wild-type DNA often
exceeds the mutant DNA, making it difficult to detect and
identify minority alleles present at extremely low concentra-
tions. So, no matter which method is chosen, the primary
considerations are sensitivity and specificity, and furthermore,
the cost per genotype and throughput should also be taken into
account.

In recent years, the key molecular mechanisms underlying
tumor initiation, maintenance and progression in NSCLC
have been clarified one by one. These findings have led to
the development of small molecules that target genetic muta-
tions known to play critical roles in NSCLC.

About 10 % of NSCLC patients in the USA and 35 % in
East Asia have tumor-associated EGFR mutations [41, 42].
The identification of EGFR mutations not only has offered a
screening biomarker to select EGFR mutation-positive pa-
tients but also has led to the development of genotype-based
targeted therapies directed against EGFR, including gefitinib
and erlotinib. Especially erlotinib, which was only approved
by the FDA for the second-line treatment of NSCLC in 2004;
while in 2013, it was further approved by the FDA for the
first-line treatment of metastatic NSCLC with EGFR exon 19
deletions or exon 21 (L858R) mutations. At the same time, the
corresponding EGFR mutation test kit (cobas®) was also
approved by the FDA [43]. This is the first FDA-approved
companion diagnostic that detects EGFR gene mutations,
which will lead hopefully to a more personalized and effective
treatment of NSCLC (Table 2).

Patients with EGFR gene mutations would eventually de-
velop resistance to these EGFR tyrosine kinase inhibitors
(TKIs) [57]. The main resistance mechanisms involved might
be a secondary mutation in the EGFR gene (T790M mutation)
and amplification of the mesenchymal-epithelial transition
(MET) proto-oncogene [58]. T790M could cause steric hin-
drance and impair the binding of gefitinib/erlotinib and ac-
counts for about half of the acquired-resistant cases [S9]. MET
amplification accounts for about 20 % of TKI acquired-
resistant patients by a different molecular pathway from
T790M; some of these patients will also concurrently have
T790M mutation [60]. It has recently been reported that
T790M mutations present in small fractions of tumor cells
before therapy are crucial in response to treatment [61]. In-
deed, neoplastic cells carrying this mutation are drug-selected
until the tumor becomes widely resistant. Therefore, use of
extremely sensitive analytic methods to monitor resistant-
inducing mutations in minor clones has been suggested.

@ Springer

Fortunately, cobas® EGFR mutation test already includes
T790M.

About 4 % of NSCLC patients have a chromosomal rear-
rangement which generates a fusion gene between anaplastic
lymphoma kinase (ALK) and echinoderm microtubule-
associated protein-like 4 (EML4), which results in constitutive
kinase activity that contributes to carcinogenesis and drives
the malignant phenotype [62]. Along with the identification of
ALK-activating point mutations, aberrant-activated ALK be-
came a major therapeutic target and a good biomarker to
predict tumor response. In addition, crizotinib was the first
approved ALK inhibitor by the FDA for the treatment of
certain late-stage NSCLC patients carrying abnormal ALK
gene [63]. The KRAS gene is mutated in about 25 % of
NSCLC patients. Although KRAS mutations have been iden-
tified in NSCLC patients for many years, it still cannot be-
come an effective, cost-efficient cancer screening strategies
until now [64]. Some studies suggested a potential negative
prognostic effect, but other studies did not confirm any neg-
ative impact on survival for individuals harboring KRAS
mutation. Furthermore, EGFR, KRAS, and ALK are mostly
exclusive in patients with NSCLC, and the presence of one
mutation in lieu of another can influence response to targeted
therapy. Therefore, testing for these mutations and tailoring
therapy accordingly is widely accepted as standard practice
[65, 66].

Many studies have detected that there were higher frequen-
cy of EGFR and KRAS mutations and ALK gene arrange-
ments in the circulation of NSCLC patients than the normal
controls and/or patients with benign diseases (Table 2). The
significantly improved median progression free survival
(PFS) and median overall survival (OS) were found in patients
with gene mutations after they were given the targeted treat-
ment. For example, He et al. [27] found that the EGFR
mutation rate was 49.3 % by the blood-based, mutant-
enriched PCR technology. In the patients treated with gefitinib
as a second-line therapy, those with plasma EGFR mutation
have a prolonged median PFS compared with those with
EGFR wild type (7.6 vs. 2.9 months). On comparing the
efficacy of gefitinib with that of docetaxel, it was found that
the median PFS was significantly longer for patients treated
with gefitinib than those with docetaxel in those harboring
plasma EGFR mutation (7.6 vs. 3.2 months). These results
suggested that the blood-based EGFR mutations test had the
ability to provide a reliable guidance for clinical decision
making for the treatment of the advanced NSCLC patients.
The results of a study enrolled 246 NCSLC patients showed
that 17.5 % of patients presented with KRAS mutation. Pa-
tients with a detectable plasma KRAS mutation had a signif-
icantly shorter OS and PFS compared with the wild-type
patients (median OS 4.8 vs. 9.5 months and median PFS 3.0
vs. 5.6 months). The response rate to chemotherapy was
significantly lower in the group of patients with a mutation
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compared with wild type. The results indicated that the pres-
ence of KRAS mutations in plasma may be a marker of poor
prognosis and may also hold predictive value [32]. The similar
results were also gotten by Wang et al. [31] in their study,
KRAS mutation was detected in 12.8 % of NSCLC patients.
Among 120 patients who received EGFR-TKI treatment, the
response rate was only 5.3 % for patients with plasma KRAS
mutation compared with 29.7 % for patients with no KRAS
mutation in plasma ctDNA. The median PFS of patients with
plasma KRAS mutation was 2.5 months compared with
8.8 months for patients with wild-type KRAS.

When ctDNA was used to take a snapshot of the DNA
mutations in NSCLC patients, one key concern was whether
or not the genetic variation within blood was consistent with
tumor tissue. Indeed, many studies have demonstrated that
blood samples could be used to monitor genetic changes in
tumor of NSCLC patients over time. Kimura et al. [50] found
that in pairs of tumor and serum samples obtained from 11
patients, the EGFR mutation status in the tumors was consis-
tent with those in the serum of 8 of 11 (72.7 %) of the paired
samples. Punnoose et al. [45] observed that EGFR mutation
status in ctDNA were strongly concordant with the matched
tumor tissues, which suggested a potential role for using
ctDNA for real-time assessment of mutation status. Wang
et al. [31] found that KRAS mutation in plasma ctDNA
correlates with the mutation status in the matched tumor
tissues of patients with NSCLC. The consistency of KRAS
mutations between plasma and tumors is 76.7 %.

Microsatellite instability

Microsatellites are repeated sequences of DNA, which are
composed of repeating units of 1-6 bp in length.
Microsatellites can be found anywhere in the genome, both
in protein-coding and noncoding regions [69]. Due to their
high rate of polymorphism, microsatellites are thought as
useful genetic markers and play a significant role in many
human diseases.

Microsatellite instability (MSI) and loss of heterozygosity
(LOH) are the main alterations in microsatellite gene sequence.
MSI means somatic alterations in microsatellite sequences due

Table 3 Microsatellite alterations detected in ctDNA of NSCLC patients

to a deletion or an insertion of one or more repeat units. LOH is
the condition that tumor-suppressor genes are generally
inactivated by an intragenic mutation within one allele and
the subsequent loss of the corresponding allele.

Both MSI and LOH can be detected by PCR technology to
observe band shifts and allele losses. Several studies have
proven that the occurrence of allele shift and LOH in plasma
ctDNA was a frequent and relatively early event in NSCLC.
Carpagnano et al. [67] found that microsatellite alterations in
ctDNA from whole blood and matched tumor tissues of
NSCLC patients presented overlapping profiles of loss of
heterozygosity and microsatellite instability, and microsatel-
lite alterations in blood ctDNA from NSCLC patients were
significantly more frequent than that in the control subjects. In
another study, altogether four markers (D3S1300, D3S1289,
D3S1266, and D3S2338) located on chromosome 3p were
detected by radiolabeled PCR, and the results showed that
microsatellite alterations in at least one locus was found in
39.5 % of NSCLC tumors [20].

Both of the studies used four to five markers, and four of
the five markers employed in the two studies were the same
(Table 3). The better sensitivity (94 %) for detecting micro-
satellite alterations in ctDNA was reported by Carpagnano
et al. [67] who used five markers. Choice of microsatellite
alterations could influence the results. Microsatellite alter-
ations in NSCLC are restricted to single loci [70]. Hence, to
detect microsatellite alterations, one must select markers
which display a high polymorphism rate and are changed in
most, if not all, of the tumor cells. A lower plasma frequency
of allelic imbalance may be observed for larger-sized gene
products because plasma ctDNA is highly fragmented and
alterations may therefore be detected more easily if the se-
quence to be amplified is smaller than 200 bp [71]. To com-
pare the results obtained in different laboratories, it is neces-
sary to standardize the methods used and to select an opti-
mized panel of genetic markers.

Gene hypermethylation

Hypermethylation of CpG islands in the promoter regions of
genes is a common phenomenon in NSCLC.

Material Method Microsatellite alterations Patients Controls Sensitivity (%) References
Number Positive (%) Number Positive (%)

Plasma PCR D3S1300, D3S1289, D3S1266, 76 39.5 66 M NM [20]
D3S2338

Whole blood PCR D3S2338, D3S1266, D3S1300, 41 4.0 18 (patients with 2.0 94 [67]
D3S1304, D3S1289 benign diseases)

Plasma PCR D9S1747 67 14.0 NM NM NM [68]

NM not mentioned
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Hypermethylation represses transcription of the promoter re-
gions of genes, leading to gene silencing, and is particu-
larly important in inactivating tumor-suppressor genes in
cancer [72]. Determination of the methylation patterns
of multiple genes to obtain complex ctDNA methylation
signatures can contribute importantly to cancer develop-
ment and/or progression.

In recent years, some techniques (such as methylation-
specific PCR) have been successfully applied in the area of
evaluating gene hypermethylation in the ctDNA, leading to a
highly sensitive and specific method for NSCLC diagnosis.
Zhang et al. [73] determined the methylation status of 20
tumor-suppressor genes in plasma of 110 NSCLC patients
using methylation-specific PCR. They found that nine genes
(APC, CDH13, KLK10, DLECI1, RASSF1A, EFEMPI,
SFRP1, RARbeta, and pl16 (INK4A)) demonstrated signifi-
cantly higher frequencies of methylation in NSCLC patients.
The methylation frequencies in the plasma were consistent
with those in the paired tumor tissues. The results indicated
that methylated alteration of multiple genes played important
roles in NSCLC pathogenesis and the methylated genes in
ctDNA might be potential candidate epigenetic biomarkers for
NSCLC detection. Fischer et al. [74] examined hypermethy-
lation status of seven genes (APC1A, DAPK, FHIT, pl4
(ARF), p16 (INK4a), RARbeta, and RASSF1A) in serum
ctDNA of 92 NSCLC patients by a nested methylation-
specific PCR. They found that 87 patients showed at least
one epigenetic alteration and the methylation frequencies of
individual genes varied between 25.9 and 47.3 %. The hyper-
methylation of RASSF1A or pl4 (ARF) may be useful prog-
nostic markers in NSCLC patients.

The results of studies of methylated gene alterations in
ctDNA of NSCLC patients were shown in Table 4. Three
studies reported methylation of p16 and RARDbata; two studies
showed methylation of APC, RASSF1A, DAPK, SHP1P2,
DLECI1, KLK10, and SFRP1. The other genes were reported
to be methylated only once. The genes found to be
hypermethylated in over 30 % of NSCLC (based on at least
two independent studies) were APC and RASSF1A. The
methylation frequency of DAPK between different studies
varied from 26.1 to 68.4 %. Except for DAPK, the methyla-
tion frequencies of other genes had little differences across
studies (Table 4).

Most of the studies involved controls; therefore, compari-
son of the data across cases and controls was possible.
Methylation-specific PCR techniques have been employed
by most of the studies to quantify the methylation statues of
genes (Table 4). The genomic DNA was treated with
bisulphite (a critical step in methylation analysis) in all studies
in order to convert unmethylated cytosines of CpG dinucleo-
tides into uracil or UpG [47, 75, 82]. In the past, researchers
had to collect relatively large amounts of clinical samples to
avoid DNA degradation during bisulfite treatment, but now,

@ Springer

some commercial kits have been developed successfully
which enable highly efficient bisulfite conversion, even the
amount of starting material is limited.

Summary and perspectives

The finding that tumors are capable of shedding DNA into the
blood stream, which can be detected from both serum and
plasma and used as surrogate source of tumor DNA, has
opened new areas in diagnosis and prognosis. The develop-
ment of sensitive and accurate diagnostic methods and explore
specific biomarker in ctDNA are becoming an area of study
with growing interest, mainly because of the simplicity of
sampling and the potential value of the methods in clinical
use.

Many studies have proven that the levels of ctDNA in
plasma or serum increased in NSCLC patients and correlated
with tumor stage, survival, and early response to therapy, and
the genetic and epigenetic changes in ctDNA might be related
to NSCLC carcinogenesis, but some problems still should be
settled. As discussed earlier, the levels of ctDNA in plasma or
serum were significantly higher in NSCLC patients than in
healthy controls or patients with benign diseases. However,
the concentrations of ctDNA reported in both NSCLC patients
and controls by different studies were highly variable, and the
distributions show considerable overlap, making it is difficult
to draw firm conclusions based on these studies. The results of
genetic and epigenetic changes in ctDNA varied greatly
among different published studies. For example, KRAS mu-
tation occurred in NSCLC patients from 4.1 to 23.1 % and
EGFR mutation occurred from 16.0 to 61.3 %, leading to
difficulties in the interpretation of results. Furthermore, the
sensitivity and specificity of assay methods were not men-
tioned clearly by some studies.

The present analysis methods are not perfect, but the ap-
proval of the cobas EGFR mutation test still gives us hope. It
is a milestone which highlights the importance of sensitive,
accurate tests that can be conducted in time to inform crucial
treatment decisions. Another drug in this class of EGFR TKIs,
afatinib (Boehringer Ingelheim), has been approved by FDA
in July 2013. Afatinib also have its own companion diagnostic
test (Therascreen EGFR PCR Kit, from Qiagen). We believe
that more and more targeting agents and companion diagnos-
tics that are more tailored to an individual’s genetic profile ora
disease’s profile will be developed and approved in the future.

In other to expend and strengthen the utility of ctDNA in
the screening and management of NSCLC, standardized
methodologies and quality control standard methods should
be imported into the research in the future to reduce sources of
variation. Moreover, large-scale prospective studies are nec-
essary for population-based studies and molecular
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epidemiologic studies, in order to implement a clinical appli-
cation in NSCLC detection, diagnosis, prognosis, and predic-
tion of treatment response.
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