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Introduction

Lung cancer is the leading cause of cancer deaths in the 
world, accounting for ≈27% of all cancer-related deaths. 
It is also the second most diagnosed cancer type (after 
prostate and breast cancer), with an incidence rate of over 
14% in both genders, and over 224,390 new cases and 
158,080 deaths are expected to occur in the United States 
in 2016 (1). Among the two main histological types of lung 
cancer, non-small cell lung cancer (NSCLC) has the highest 
incidence, representing 80–85% of all lung cancer cases and 

being mostly locally advanced or metastatic at the time of 
diagnosis, according to the American Joint Committee on 
Cancer (AJCC) (2-4). 

The standard treatment for early-stage NSCLC is 
surgery, which may be followed up by platinum-based 
chemotherapy in patients at high risk of recurrence. 
However, 30% to 80% of these patients will die within 
5 years of diagnosis (5). Thus, the monitoring of tumor 
burden, minimal residual disease and tumor heterogeneity 
would lead to an improvement in the clinical management 
of early-stage NSCLC (6).
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During the last years, there has been an increasing 
interest in the use of circulating cell-free DNA (cfDNA) as 
a diagnostic and prognostic factor in a diversity of clinical 
situations, such as cancer, autoimmune diseases and physical 
trauma (7-10). In cancer, it has been demonstrated that 
tumor cells may release genomic DNA into the blood, 
being apoptosis and necrosis of tumor cells the leading 
mechanisms of DNA release (11-13). Several studies have 
reported that NSCLC patients have higher levels of cfDNA 
in the blood compared to healthy controls or patients 
with benign disease (14,15). In fact, cfDNA plasma levels 
have been associated with severity of disease and poorer 
prognosis (16,17).

NSCLC diagnosis requires a diversity of pathologic 
analysis, among which tissue biopsy is the gold standard. 
Nevertheless, the diagnosis based on tumor biopsy presents 
several limitations, including the potential non-detection 
of early-stage tumor or residual lesions, and the inability 
to monitor response to treatment and prognosis (18,19). 
cfDNA harbors the pathologic characteristics of the original 
tumor, such as gene mutations or epigenetic alterations (20).  
Therefore, cfDNA isolated from the plasma or serum by 
non-invasive procedures has been suggested as a liquid 
biopsy, which may significantly improve the current system 
of cancer diagnosis, or even be used to detect early-stage 
tumors. Furthermore, several studies have found that 
genetic alterations detected in cfDNA are the same as those 
found in tumor tissue (21,22). Thus, cfDNA may be an 
effective method to analyze tumor DNA and obtain results 
useful in diagnosis, prognosis and follow-up of NSCLC 
patients.

In this review, we will focus on the evidence of cfDNA in 
patients with early-stage NSCLC, its clinical applications 
and future directions.

Methods of cfDNA detection

Nowadays, there are various methods to detect genetic 
alterations in cfDNA, including real-time polymerase 
chain reaction (PCR), digital PCR, amplification protocols 
with magnetic beads in oil emulsions (beads emulsion), 
amplification and magnetics (BEAMing), next-generation 
sequencing (NGS) and mass spectrometry (MS) genotyping 
(23-34). The limit of mutation detection of these 
techniques fluctuates from 15% to 0.01%, but one of the 
main problems is the absence of standardized methods for 
biospecimen collection, processing, cfDNA isolation and 
analysis. Thus, it is necessary to establish evidence-based 

guidelines in order to select the most reliable and cost-
effective methodology for clinical applications if cfDNA 
analysis is to move forward.

Real-time PCR

Real-time PCR is the most widely used technology for 
detection of mutations in general, and that includes cfDNA. 
Three types of real-time PCR are routinely employed, based 
on the probes utilized: Taqman probes, Taqman Detection 
Mutation Assay and Scorpion probes. Taqman probes have 
a mutation detection limit of around 10%, whereas Taqman 
Detection Mutation Assay may detect mutations as low 
as 0.1% (23,24). These variations in sensitivity are due to 
the probe design: Taqman probes consist of a fluorophore 
covalently attached to the 5’-end of the oligonucleotide 
probe and a quencher at the 3’-end, whereas Taqman 
Detection Mutation Assay uses an allele-specific primer and 
an MGB blocker oligonucleotide that suppresses the wild-
type background (35). Scorpion probes are covalently bound 
to a primer, a fluorophore and a quencher. In the absence 
of the mutation, during the Scorpion PCR reaction, the 
quencher close to the fluorophore absorbs its fluorescence. 
However, the presence of a mutation leads to separation of 
the quencher from the fluorophore, resulting in an increase 
of the emitted fluorescence (25). 

In lung cancer, the majority of studies that analyzed 
cfDNA have utilized real-time PCR. Particularly, studies 
focused on the detection of epidermal growth factor receptor 
(EGFR) mutations in cfDNA have reported wide variability 
in their results (26,36). An Asian study that included 86 
advanced NSCLC patients compared EGFR mutation status 
in pretreatment cfDNA and tissue samples and showed 
sensitivity of 43.1%, specificity of 100% (26). Another 
study in 76 Caucasian advanced NSCLC patients also 
evaluated the detection EGFR mutation in pretreatment 
blood samples with cfDNA extracted and reported greater 
sensitivity (78%) and equal specificity (100%) than the 
previous study (36). However, despite these encouraging 
results in some cases, real-time technology is not sensitive 
enough to detect all mutations in cfDNA, and mutations 
may be missed using this method.

Digital PCR

Digital PCR and real-time PCR share the same principle. 
However, the key difference between both techniques 
lies in the procedure to quantify nucleic acids. Real-time 
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works with a unique solution and performs one reaction 
per single sample, whereas digital PCR produces thousands 
of replicates from a single sample and performs one 
reaction per each replicate. Therefore, the sensitivity of 
this technology is much higher, being capable to detect 
molecules of cfDNA within a germline DNA background 
in a ratio up to 1:100,000 (28). Nevertheless, the main 
disadvantage digital PCR is that standard thresholds for 
determining of presence and abundance of mutant cfDNA 
have not been established.

BEAMing

The principle of this technology lies in the association of 
digital PCR and flow cytometry, using beads, emulsification, 
amplification, and magnetics to achieve the necessary 
level of sensitivity. The BEAMing procedure begins with 
isolating and purifying the cfDNA, followed by pre-
amplification by conventional PCR. These DNA templates 
are then amplified again by emulsion PCR using primers, 
which are covalently connected to magnetic microbeads 
via streptavidin-biotin interactions. At the end of the 
reaction, the amplicons generated in each emulsion droplet 
will remain physically attached to the microbeads, making 
it easier to separate and purify them using a magnet. 
Subsequently, the DNA attached to the microbeads is 
analyzed to evaluate the presence and the amount of 
mutations using flow cytometry. This technology is able to 
detect a low percentage of mutant DNA in a higher amount 
of fragments comprising wild-type DNA, approximately 
one single mutant allele in a background of 10,000 wild-
type alleles, and it is also able to provide a digital readout of 
copy-number quantification (29). One study, which enrolled 
44 advanced NSCLC with activating EGFR mutations in 
tumor tissue, detected EGFR status in plasma of 32 cases 
(72.7%; 95% CI, 58.0–83.6%) (37). Nevertheless, this 
is a complex technology, which limits its feasibility and 
reproducibility. 

NGS

To date, NGS has demonstrated the highest detection 
sensitivity and specificity in clinical molecular oncology. 
Remarkably, published studies have demonstrated that 
NGS is a feasible, accurate, and sensitive technique for 
identifying tumor-derived mutations in cfDNA, with 
sensitivity and specificity of more than 85% for NSCLC 

(I–IV stages) (30,31). Nowadays there are many specialized 
and modified NGS techniques available, but they share the 
same principle (30-32). They are based on the production 
of short sequences from single molecules of DNA and their 
comparison to a reference sequence, which results in the 
sequencing of a significant portion of the genome. Deep 
sequencing also allows the targeted investigation of specific 
candidate loci, even if mutated alleles are highly diluted. 
Furthermore, the main advantage of this technology is that 
it may identify rearrangements and regions of copy number 
aberrations, genetic alterations that are not detectable 
with other techniques (30). However, this methodology 
is expensive to implement, requires expert personnel to 
comprehensively analyze and interpret the results, and a 
well-developed infrastructure for storage of large amounts 
of sequencing data. These limitations have hampered the 
application of NGS for routine clinical practice.

MS genotyping

To date, the leading method for detection of mutations 
using MS is matrix-assisted laser desorption-ionization-
time-of-light (MALDI-TOF). This technology is able 
to detect different alleles based on the different masses 
of the primer extension products. The MALDI-TOF 
MS analysis process is based on the following steps: 
amplification, primer extension reaction and ionization, 
separation by size and detection of nucleic acids (33). 
At the end, a software provides a mass spectrum of 
the extension products (33). This methodology allows 
to analyze multiple mutations and was used to detect 
EGFR and KRAS (KRAS proto-oncogene, GTPase) 
mutations in 2,387 NSCLC patients, demonstrating 
that the MALDI-TOF platform reduced the rate of 
missed mutations compared with Sanger sequencing (38). 
However, it is more expensive and time consuming than 
other techniques and only returns genotypic data. 

Clinical applications of cfDNA in early-stage 
NSCLC

Because cfDNA can be obtained from minimally invasive 
procedures and reflects the genetic alterations found in 
tumor tissue, cfDNA analysis is considered a potential tool 
for NSCLC diagnosis and monitoring. Hereafter we will 
review the main clinical applications of cfDNA in early-
stage NSCLC (Figure 1).
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Detection of genetic alterations

Gene mutations
Several driver mutations have been found in NSCLC such 
as EGFR, KRAS, BRAF (B-Raf proto-oncogene, serine/
threonine kinase) or HER2 (erb-b2 receptor tyrosine 
kinase 2).

EGFR is mutated in 16.7% of Caucasian patients with 
NSCLC. These mutations are more common in women, 
Asians and non-smokers with adenocarcinoma (39-42). 
The most frequent EGFR mutations are deletions in 
exon 19, a point mutation which replaces an arginine by 
a leucine at codon 858 (L858R) of exon 21, and at codon 
719 (exon 18), a substitution of glycine by alanine, cysteine 
or serine (G719X) (43). According to the data of Murray  
et al. [2008], 3,303 mutations were found in 12,244 patients 
with advanced NSCLC, and the distribution of EGFR 
mutations was: 50% (1,662) of exon 19, 40% [1,291] of 
exon 21, 6% [213] exon 20, and 4% [137] of exon 18 (44). 
The discovery of mutations in the kinase domain of EGFR 
gene sparked great clinical interest because they are directly 
involved in tumor development. Recently, the detection 
of EGFR mutations in cfDNA has been associated with 
longer overall survival (OS) (P=0.005; HR =0.163; 95% CI, 
0.046–0.571) and progression-free survival (PFS) (P=0.037; 
HR =0.345; 95% CI, 0.127–0.940) in a study that enrolled 
388 surgically resected pathological stage I NSCLC 
patients (21). Interestingly, a recent phase IV, open label, 
single-arm clinical trial of patients with advanced NSCLC 
(NCT01203917), has led to the approval of the first cfDNA 
test for EGFR mutations. That study evaluated the efficacy 

and safety/tolerability of first-line gefitinib in Caucasian 
patients with stage III/IV and reported that cfDNA could 
be considered for analysis of sensitizing mutations if tumor 
tissue was unavailable (45).

The mitogen-activated protein kinases (MAPK) pathway 
is involved in cell proliferation (46). This pathway may be 
constitutively activated due to genetic alterations in their 
pathway effectors, which lead to an increased proliferation 
and cell division. KRAS is the precursor of this pathway and 
usually is mutated in lung cancer (47). Around 15% to 25% 
of NSCLC patients present mutations in this gene, more 
frequently in smokers and patients with adenocarcinoma 
histology (47). Most mutations are located in exons 2 and 3  
(G12, G13 and Q61) (47). Although the detection of 
KRAS mutations in cfDNA has not been yet tested in early 
NSCLC, detectable cfDNA-KRAS mutations have been 
associated with lower OS and PFS (median OS 4.8 vs.  
9.5 months; P=0.0002; HR =1.87; 95% CI, 1.23–2.84, and 
median PFS 3.0 vs. 5.6 months; P=0.0043; HR =1.60; 95% 
CI, 1.09–2.37) in 246 advanced NSCLC patients treated 
with platinum-based chemotherapy (48). 

BRAF is a downstream effector of KRAS, which is 
frequently mutated in NSCLC. A thymine to adenine 
transversion mutation that results in the substitution of 
valine with Glutamate in codon 600 is the most common 
mutation in BRAF gene and leads to constitutively activated 
BRAF kinase (49). BRAF  mutations occur between 
1–3% of patients with NSCLC, more frequently in lung 
adenocarcinoma and former smokers (50). The detection of 
BRAF mutations in cfDNA has been associated with lower 
PFS and OS in various types of tumors, such as melanoma 
(P=0.021; 3.6 vs. 13.4 months for PFS and P=0.017; 7 
vs. 21.8 months for OS) (51,52). However, to date the 
association between clinical outcomes of NSCLC patients 
and the detection of BRAF mutations in cfDNA has not 
been investigated.

Mutations in the kinase domain of HER2 gene identify 
a subset of lung adenocarcinomas with higher frequency in 
non-smokers, accounting for 4% of NSCLC patients (53). 
Most of HER2 mutations are insertions in exon 20 that 
varies from 3 to 12 base pairs. The detection of HER2 
mutations in cfDNA has not been evaluated. However, in 
primary breast cancer (8/68; 12%) and metastatic breast 
cancer (5/30; 17%) patients, plasma HER2 amplification has 
been detected, although the follow-up time was insufficient to 
inform whether the presence of circulating amplified HER2 
DNA was predictive of recurrent disease (54). Therefore, 
the detection of these genetic alterations in cfDNA may 
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Figure 1 Clinical applications of cfDNA in early-stage NSCLC. 
cfDNA, circulating cell-free DNA; NSCLC, non-small cell lung 
cancer.
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play a crucial role as prognostic biomarker for early-stage 
NSCLC.

Epigenetic alterations
Epigenetic alterations are not completely a specific tumor 
process; non-tumor tissue methylation also changes and is 
frequently age-associated. Therefore, it is essential to select 
suitable candidate genes if DNA methylation is to be used 
as a circulating biomarker. Despite this, the detection of 
epigenetic alterations in cfDNA is a potential biomarker 
of tumor burden, residual disease and even early detection. 
Methods and recent developments associated with the 
use of cfDNA for non-invasive detection of methylation 
changes in lung cancer patients are described elsewhere 
in this issue (55). Methylation changes are usually an early 
event in carcinogenesis and contribute to cancer initiation, 
progression and response to therapy (56). Remarkably, 
in early-stage NSCLC, the detection of aberrant 
methylation of nine genes [APC (APC, WNT signaling 
pathway regulator), cadherin 13 (CDH13), kallikrein related 
peptidase 10 (KLK10), deleted in lung and esophageal 
cancer 1 (DLEC1) Ras association domain family member 1A 
(RASSF1A), EGF containing fibulin like extracellular matrix 
protein 1 (EFEMP1), secreted frizzled related protein 1 (SFRP1), 
retinoic acid receptor beta (RARB) and cyclin dependent 
kinase inhibitor 2A (CDKN2A)] in cfDNA from 110 early-
stage NSCLC patients have showed a significantly higher 
frequency of tumor-specific hypermethylation, as compared 
with the cancer-free plasma, and achieved a sensitivity of 
83.64% and a specificity of 74.0% for cancer diagnosis (22). 
Tumor tissues and plasma samples were also compared, showing 
a satisfactory concordance between the nine gene methylation 
status in plasma samples and paired tumor tissues (22). Thus, 
the determination of the methylation patterns of these genes 
in cfDNA may be used as potential prognostic and diagnostic 
biomarkers for early-stage NSCLC.

Monitoring tumor burden

Carcinoembryonic antigen and cancer antigen 19-9 are the 
main circulating biomarkers used to evaluate tumor burden 
in NSCLC (57). Nevertheless, these proteins are also 
expressed in normal cells and may be elevated in benign 
conditions (58). Thus, the specificity of these tumor markers 
is low and other biomarkers to monitor tumor burden 
are required. Liquid biopsy based on cfDNA analysis has 
emerged as a potential method to monitor tumor burden. 
Remarkably, an ultrasensitive method for quantifying tumor 

cfDNA has been developed, known as Cancer Personalized 
Profiling by deep Sequencing (CAPP-Seq) (31). This 
methodology covers multiple types of genetic alterations and 
was applied in 17 patients with I–IV stage NSCLC (31). The 
results showed cfDNA detection in 100% of stage II–IV 
and 50% of stage I NSCLC patients, with 96% specificity 
for mutant allele fractions down to ≈0.02% (31). Levels of 
cfDNA were associated with tumor volume, distinguished 
between residual disease and treatment-related imaging 
changes, and provided earlier response evaluation than 
radiographic approaches (31). Moreover, a case-control 
study was able to differentiate radically resected NSCLC 
patients (stage I–III) from healthy controls (59). Higher 
mean values of cfDNA were detected even in stage IA 
patients (59). Quantification of cfDNA and analysis of 
microsatellite alterations was also associated with early 
recurrence (59). On the other hand, a separate study that 
evaluated the association between cfDNA and total tumor 
burden defined by positron emission tomography (PET) 
parameters in 53 advanced NSCLC patients, found no 
association between cfDNA and metabolic tumor volume 
(MTV) (r=0.1) or total lesion glycolysis (TLG) (r=0.1) (60).  
Thus, cfDNA may not be a simple measure of tumor 
burden (60). The reason why these studies showed different 
results may be because cfDNA is also elevated in other 
associated diseases, such as idiopathic pulmonary fibrosis 
and myocardial infarction (61,62). However, despite these 
discordant results, the development of effective technologies 
for the analysis of cfDNA should prompt the leverage of this 
non-invasive biomarker to assess tumor burden.

Monitoring of minimal residual disease

Methods that specifically classify patients based on the 
presence of minimal residual disease are not currently 
available. In practice, clinical and pathologic criteria are 
used to predict patients who probably harbor residual 
disease. The leading system parameter utilized for this 
purpose is the TNM classification of malignant tumors 
(TNM) (63). This method helps the clinician to assess the 
risk of a patient to develop recurrence and the possible 
benefit of adjuvant chemotherapy. Nevertheless, it does 
not inform if minimal residual disease is actually present. 
cfDNA can be a useful biomarker to detect residual 
disease after surgery and may provide evidence to select 
patients who are likely to suffer recurrence (63). In fact, 
cfDNA should be measured when the surgery is finished, 
but before the beginning of adjuvant therapy, which is 
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usually administered 6–8 weeks after surgery (63). Thus, 
the cfDNA measurement may be a useful tool to improve 
clinical decisions. 

The potential role of cfDNA in detecting minimal 
residual disease has been showed in a cohort of 18 patients 
with colorectal cancer undergoing resection with curative 
intent (64). cfDNA was detectable in all patients before 
resection and serial blood sampling revealed fluctuations in the 
cfDNA levels, that were associated with the extent of surgical 
resection (64). All the patients who had detectable cfDNA 
after surgery relapsed within 1 year, whereas all patients with 
undetectable cfDNA remained diseased free (64). These 
results revealed the clinical impact of cfDNA as a measure 
of tumor dynamics.

Future directions and conclusions

The sensitivity of cfDNA detection has been reported to 
be more than 85% in patients with early stage NSCLC 
patients, suggesting that cfDNA may be a diagnostic and 
prognostic biomarker fin this setting Although the level 
of cfDNA in the blood of early stage patients is generally 
low, the application of new, more sensitive and specific 
approaches, such as digital PCR and NGS may enable its 
use for the detection of tumor-associated genetic alterations. 
Furthermore, NGS may detect chromosomal abnormalities 
and copy number variations. Thus, based on these new 
technologies, cfDNA may be a potential tool for the early 
detection and monitoring of NSCLC. 

In conclusion, cfDNA is a promising biomarker for the 
detection and follow-up of NSCLC patients. In clinical 
practice, cfDNA may serve as alternative for those patients 
who are unable to provide an accurate tissue-biopsy sample. 
It will also serve as invaluable source of information, 
complimentary to imaging, during the period of follow-
up after surgery. Lastly, it will reduce the need for invasive 
sampling in the monitoring of cancer patients.
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