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Abstract: Improving early detection of lung cancer is critical to improving lung cancer survival.
Studies have shown that computerized tomography (CT) screening can reduce mortality from lung
cancer, but this involves risks of radiation exposure and can identify non-cancer lung nodules that
lead to unnecessary interventions for some. There is a critical need to develop alternative, less
invasive methods to identify patients who have early-stage lung cancer. The detection of circulating
tumor cells (CTCs) are a promising area of research, but current technology is limited by a low yield
of CTCs. Alternate studies are investigating circulating nucleic acids and proteins as possible tumor
markers. It is critical to develop innovative methods for early lung cancer detection that may include
CTCs or other markers that are low-risk and low-cost, yet specific and sensitive, to facilitate improved
survival by diagnosing the disease when it is surgically curable.
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1. Introduction

Early detection of lung cancer, a disease that causes approximately one fifth of all cancer related
deaths in the world [1,2], is critical, as early-stage tumors have a five-year survival rate greater than
70% [3]. Most lung cancers are diagnosed when they are too advanced for surgical intervention.
The National Lung Screening Trial has shown that early detection of lung cancers results in improved
long-term survival. Over 50,000 patients were screened using either low-dose CT scans or chest
X-rays. Of patients screened by CT scans, 24% had “positive” scans, with 96% of those found to
be false positives. Nonetheless, there was a 20% reduction in lung-cancer-specific mortality and
a 7% reduction in all-cause mortality [4]. Despite these improvements, increased radiation from CT
scans has been implicated in increasing long-term cancer risk for some, and is not the ideal screening
method [5]. Other concerns with the current paradigm of diagnosing lung cancers include the high
costs and complications associated with lung biopsies, performed to diagnose indeterminate nodules.
Almost 20% of patients can have complications from their lung biopsies [6]. Alternative methods to
detect early-stage cancers that can supplant or complement CT screening is an unmet need to increase
specificity of screening tests and one that can be more widely used. The identification of circulating
biomarkers to detect cancers by blood sampling offers an attractive, less invasive alternative that may
eventually change the way we diagnose and treat lung cancer. Here, we review the current state of
circulating biomarkers being evaluated for the detection of lung cancers, including circulating tumor
cells (CTCs), microRNA (miRNA), circulating tumor DNA (ctDNA), and circulating proteins.
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2. Circulating Tumor Cells (CTCs)

Circulating tumor cells (CTCs) may be shed from solid organ tumors into the blood stream.
They can be separated from normal hematopoietic cells based on size and other inherent physical and
biological properties. Recent research has shown that metastasis may not just be a late event, but may
be present very early in disease progression [7]. Investigators have demonstrated this in breast cancer
using transgenic mice models [7]. They found that tumor cells may be released even before the tumor
is presumed to be invasive, and some of these cells may form metastatic tumors. Their findings are
supported by reports of tumor spread even after resection of early-stage cancers [7].

In lung cancer, Izbicki et al. studied the presence of micrometastases in lymph nodes and
their association with patient survival [8]. In another study, Maruyama et al. analyzed paraffin
sections of lymph nodes from stage I patients to predict recurrence from lymph node metastasis [9].
They observed the presence of tumor cells in lymph nodes in 70% of patients, some of whom saw
a recurrence [9]. Both studies found a reduction in survival among those patients that tested positive
for micrometastatic cancer cells in the lymph nodes. Both of these studies suggest that the presence
of these cells indicates that tumor resections might not completely eliminate the disease, and further
action such as adjuvant therapy may be needed to detect these “previously undetected” cells [8,9].
The presence of micrometastatic disease in the lymph nodes may also serve as a source for future
CTCs found in the blood stream [10]. While there has been debate about the path of cell shedding,
namely, whether cancer cells extravasate into the lymph nodes first or the bloodstream first [10], it
is now generally believed that undetectable micrometastases may be present before tumor spread to
other organs is evident [8,9].

2.1. CTCs in Early Cancer Detection

CTC detection in early stages of cancers is gaining momentum as a means of early diagnosis and
intervention. A number of studies have demonstrated the presence of CTCs in patients with early-stage
breast cancer, with more recent work also being done in lung cancer [11–14]. Advancing such studies
to larger cohorts and detailed molecular analyses of these cells may lead to timely treatment decisions
and surgical interventions [14,15]. Kallergi et al. demonstrated the presence of both apoptotic
and proliferating CTCs in early- and late-stage breast cancers [11]. The authors observed more
apoptotic CTCs in early stages. This could have important clinical implications as CTCs undergoing
apoptosis may be used as a surrogate to measure the effect of adjuvant chemotherapy on tumors [11].
Thus, CTC enumeration alone may be insufficient in early stages, and detailed molecular analysis or
immunophenotyping is necessary to glean useful information about individual tumors [16]. This could
also have potential applications in personalized therapy. In another study of early-stage breast cancer,
Nakagawa et al. found correlations between detection of CTCs and lymph node metastasis [12].
Krishnamurthy et al. also demonstrated the presence of CTCs and disseminated tumor cells (DTCs)
in early-stage breast cancer, specifically stages T1 and T2 [13]. While the investigation did not reveal
significant correlation of CTCs to standard clinical features, they theorize that this could be because
of different dissemination mechanisms involved in the metastatic process and that CTCs could still
provide useful follow-up and monitoring information [13]. Early-stage breast cancer has provided
important insights into the utilization potential of CTCs as an early diagnostic marker, and studies are
ongoing in other cancers with the same goal.

2.2. CTCs in Lung Cancer

Initial studies characterizing CTCs in early-stage breast cancer set the stage for the study of
these blood-based biomarkers in other solid tumors, including lung cancer. Surgical intervention
is the most commonly used “cure” for lung cancers when detected early [17]. However, CT
scans are limited in their ability to identify very small nodules and predict malignancy of nodules.
CTCs or other blood-based markers can complement standard screening tests for early detection [18].
CTCs in early-stage lung cancer have the potential to be interrogated for detailed molecular and
genetic characterization.



Cancers 2016, 8, 61 3 of 10

Ilie et al. used CTCs in conjunction with CT scans to identify high risk patients for having occult
lung cancer [14]. Those individuals who tested positive for CTCs despite having no detectable lesions
in the CT scan were followed over four years, with all developing CT-scan-identifiable lung cancers
that were resected. The study represents a promising direction for future research, wherein CTCs could
inform the risk of patients with or even without lung nodules having lung cancer. Ex vivo assays such
as the growth of enriched CTCs has also been demonstrated from early-stage lung cancer patients.
Zhang et al. captured lung CTCs using a microfluidic post-based device, and expanded them for
downstream assays including sequencing [19]. They also showed concurrent mutations of the p53 gene
among CTCs and primary tumors in a few samples. Bayarri-Lara and colleagues investigated CTCs in
patients undergoing lung tumor resections and found a decrease in the number of CTCs a month after
surgery. They also report poorer prognosis in those patients with detectable CTCs despite resection [16].
Wendel et al. studied CTCs from different stages of lung cancer including early stages [20]. While no
statistical differences were found between CTC numbers from the various stages, they did observe
a high number of CTCs and CTC clusters even in some early-stage patients. This provides scope for
further analysis on individual cells and clusters as clusters may carry prognostic information [21].
Supporting this hypothesis, Sawabata et al. observed better survival among patients without CTC
clusters during resection [22].

2.3. Challenges in CTC Studies

The biggest challenge in the field of circulating tumor cells is posed by their rarity [23].
Overcoming this challenge requires the development of more sensitive technologies that can efficiently
pick out these cells from hordes of contaminating cells. Certain factors such as low frequency and low
throughputs limit the scope for further CTC analysis [24,25]. Downstream sequencing studies require
very a high purity of these cells, and enriched CTCs tend to be either tethered onto the capture device,
contaminated with blood cells, or both, thereby increasing noise [25–27].

Functional assays such as culturing of these cells require CTCs to be viable and proliferating [28].
The majority of CTCs in circulation are presumed to undergo anoikis or apoptosis, thereby explaining
why all disseminated cells do not form secondary tumors. While this poses a big challenge for
expanding these cells to perform drug testing and other tumorigenicity assays, it also calls for the
use of multiple markers to shed light into why some cells survive physiological shear stresses while
others do not [29,30]. Indeed, even apoptotic CTCs may be able to predict prognosis, as shown in the
aforementioned study by Kallergi and authors [11].

Another interesting challenge is posed by the theory that these cells may be undergoing various
changes in different steps of the metastatic cascade. Epithelial to mesenchymal transition (EMT) is
one such change that is believed to be an important part of metastasis, which is mostly attributed
to disseminating cells [31,32]. Cell motility and the ability to intravasate into the blood stream is
explained by EMT, while the reverse process or mesenchymal to epithelial transition (MET) is believed
to occur during extravasation to secondary sites [33]. In light of EMT, there is a general debate about
the ability of epithelial markers such as the Epithelial Cell Adhesion Molecule (EpCAM) to capture
the wide variety of heterogeneous CTCs [34]. This is currently being overcome by the use of multiple
antibodies or by the use of antigen-independent methods of enrichment.

3. Circulating RNA

MicroRNAs (miRNAs) are small non-coding single-stranded RNAs of about 22 nucleotides
in length. They are transcribed in the nucleus and can be exported by different pathways to the
cytoplasm or released into the blood stream. They regulate gene expression post-transcriptionally.
They have been shown to be involved in a number of disease processes including cancer [35,36].
Over 2500 miRNAs have been sequenced (miRBASE.org) and have been detected in a wide variety
of tissues, including plasma, serum, peripheral blood cells, and urine [36]. Long non-coding RNAs
(lncRNA) are highly preserved segments of RNA that have been recently found to both activate and
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inactivate different genes and, within the context of tumors, can affect oncogenes or tumor suppressor
genes [37]. lncRNAs are classified as either small (<200 nucleotides) or long. All RNAs are thought to
be stable in the long term within different tissues and are present at detectable levels using current
technologies such as RT-qPCR.

3.1. RNAs in Cancer Detection

MiRNAs are thought to be differentially expressed in patients with cancer, regulating changes in
mRNA expression. Some elevated circulating miRNAs found are related to cancer-specific molecular
pathways, but others have been shown to be related to an individual’s immune response to their
tumor [36]. With relation to cancer detection, miRNA-21 (miR-21) was first identified in the serum of
B-cell lymphoma patients in 2008 [38]. Since then, it has been found to be upregulated in a number of
other cancers including prostate, pancreatic, liver, and lung cancers. miR-20a is one of hundreds of
miRNAs that has been found to be up- and downregulated in patients with a variety of histologies [39].
Similarly, lncRNAs have been found to be deregulated, with either increased or decreased expression
in different tumor types. lncRNAs may offer advantages over other types of circulating markers,
as they can be detected at lower concentrations than proteins and may be more tissue-specific than
miRNAs [37].

3.2. RNAs in Lung Cancer Detection

Current research has shifted from looking at single miRNAs to miRNA combinations, which
have been shown to have higher sensitivities and specificities. Bianchi et al. identified a 34-miRNA
signature in asymptomatic high risk patients, defined as heavy smokers and over 50 years in age.
Their validation set showed 71% sensitivity and 90% specificity, and was lung-cancer-specific, as it
was unable to differentiate patients with breast cancer versus benign breast nodules [40]. They further
improved the test by reducing their signature to a set of 13-miRNAs and performed validation on
a large cohort of patients [41]. Another group has combined a plasma-based miRNA signature with
low-dose CT scan screening to reduce the false positive rate from 19.4% in the CT screening group to
3.7% for patients with nodules greater than 5 mm in size [42]. More recently, Wozniak et al. evaluated
754 miRNAs in samples from 100 patients with early-stage non-small cell lung cancer (Stages I–IIIA)
and 100 healthy controls. They identified a 24-miRNA panel with the best separation and an AUC
of 0.92 [43]. Nadal et al. identified a 4-miRNA signature in serum that could differentiate resectable
lung cancer patients from non-cancer patients with an AUC of 0.985 [44]. miRNAs are proving to be
an exciting option to identifying early cancer detection signatures. Single miRNAs are unlikely to
provide enough discrimination, as multiple signature panels have been found to have an improved
ability to identify patients with lung cancer [40,42,43].

3.3. Challenges in miRNA Studies

There are numerous technical challenges with working with RNA that precludes its widespread
use. miRNAs may originate from the tumors themselves, but levels may also fluctuate secondary to
immune responses, and the ability to tell what is tumor-specific is still unclear. microRNA levels may
be affected by multiple issues including methods of sampling, RNA stabilization, and the extraction
and hemolyzation of samples [43]. Others have suggested that blood cells are the major source of
circulating miRNA and that hemolysis can significantly affect miRNA levels [45]. Overcoming these
potential causes for inconsistent results are essential before miRNA can be used as a meaningful tool.

4. Circulating Proteins

Proteomic approaches to finding blood-based biomarkers have been studied along with CTC and
genomic approaches, and was first described in 1996 by Wilkins et al. [46]. Compared to genomic
methods, proteomics may be able to more accurately describe the current genetic function of a cell
or group of cells, as it includes the post-translational modifications that can occur, as well as account
for rates of synthesis and degradation. The proteome may also be able to better reflect the impact
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that the genetic programming has on the surrounding environment of the cell(s) [47]. There are
many ways to identify the array of proteins expressed, including two-dimensional polyacrylamide
gel electrophoresis (2D PAGE) and surface-enhanced laser desorption (SELDI) mass spectroscopy.
The protein array approach to biomarker identification is not targeted and is similar to the cDNA
microarray methods used to identify novel genetic pathways. Alternative protein approaches focus on
specific molecules circulating in the blood. C4d is a degradation product of the classical complement
pathway. Complement has been shown to be activated in lung cancer cells [48] and is one of
many immune responses seen in lung cancer [49]. Monitoring immune activation, as opposed to
cancer-specific markers, may allow for the identification of more homogeneous markers, regardless
of cancer histology [49]. A more cancer-specific approach is to look for autoantibodies produced to
specific tumor proteins. Autoantibodies are created in response to abnormal tumor proteins that may be
mutated or misfolded and are recognized by the body as non-autologous [50]. Although autoantibodies
are also part of the immune response, they are more tumor-specific than the C4d method.

4.1. Circulating Proteins in Cancer Detection

Proteomics has been used to create molecular “panels” in a similar approach to what has been
described previously for miRNA. Sohn et al. identified a five-protein signature in patients with
triple negative breast cancer that was a predictor of recurrence-free survival [51]. In ovarian cancer,
researchers were able to validate a protein panel that was able to stratify patients to long- and
short-term survival using an in-depth proteomics analysis of archived patient blood samples [52].
The presence of platelet-C4d has been shown to correlate with vascular embolic events in lupus
patients [53], and free C4d has been identified in saliva from patients with oral squamous cell
cancers [54]. Individual autoantibodies have been identified in many cancer histologies, including
anti-p53 in hepatocellular cancer patients, with an incidence ranging from 12%–73% [50]. Others are
studying autoantibody panels, and Kalnina et al. have shown that combinations of autoantibodies
can have high specificity (87%–100%) and variable sensitivity (19%–99%) in identifying patients with
gastric cancers [55].

4.2. Proteins in Lung Cancer Detection

In lung cancer, all three approaches are being investigated with promising early results. Huang et al.
used an integrative proteomics approach to identify plasma-based protein biomarkers, specifically
dihydrodiol dehydrogenase (DDH) in non-small cell lung cancer patients [56]. Ajona and colleagues
have shown that blood C4d was higher in patients with lung cancer than those without [57], suggesting
its use in patients with documented lung nodules, but who may not have a diagnosis of lung cancer.
Panels of autoantibodies have been validated to identify patients with lung cancer with 93% specificity,
although the sensitivities have remained lower at 40% in NCSLC and 55% in SCLC [58]. Chen et al.
identified a set of 22 peptides in serum that could predict cancer status with 86% specificity and 85%
sensitivity [59]. All methods have shown promising preliminary data, although none are ready for
clinical use yet, and there is a lack of validation studies for some of these biomarkers [60].

4.3. Challenges in Protein Studies

Proteins offer slightly different challenges than do other biomarkers. The proteome reflects
dynamic changes better than other markers, but this then affects consistency in the proteome signature,
as proteins are constantly being modified. Protein stability can also affect measurements. 2D PAGE
is the most common proteomic approach, but this limits the ability to detect trace levels of proteins,
which can limit their use for identifying new markers [60].

5. Circulating DNA

Elevated levels of circulating cell free DNA (cfDNA) was first found in cancer patients in 1977
in a study comparing blood samples from 173 cancer patients and 55 healthy controls. Patients with
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metastatic cancer were found to have higher concentrations than those with localized disease [61].
Since then, more specific circulating tumor DNA (ctDNA) have been identified containing the specific
somatic mutations displayed in the primary tumors [62]. ctDNA has been shown to reflect the level of
tumor burden and to also reflect dynamic changes in tumor gene expression in response to therapy [63].

Circulating DNA in Cancer Detection

ctDNA has been identified in patients with a wide variety of cancers, including breast, colorectal,
liver, and ovarian cancers [63]. Within lung cancer, current investigations include the evaluation
of EGFR mutations identified in ctDNA, and observing tumor response and tumor resistance to
EGFR treatments using next-generation sequencing to track ctDNA changes [64]. Newman et al. also
demonstrated a novel deep-sequencing approach to study ctDNA in non-small cell lung cancer patients
with high sensitivity [65]. Notably, they were able to detect ctDNA from 50% of stage I patients [65],
demonstrating applications in early detection. Despite these promising results, there is still limited
data supporting the clinical use of ctDNA, as there are a number of technical challenges with ctDNA
detection and long-term storage. Dying blood cells can contaminate ctDNA specimens after collection.
The heterogeneity of cfDNA and ctDNA has also been shown to complicate the analysis of ctDNA for
clinical use [66].

6. Conclusions

Circulating tumor cells and other circulating biomarkers hold much promise in the near future
as tools for cancer detection. Different approaches have been shown to have different strengths and
weaknesses (Table 1), but there are promising specific markers identified ranging from CTC clusters to
miRNA panels and immune response related proteins. The ability to diagnose early-stage lung cancer
without needing a tissue biopsy or a screening CT scan may soon arrive, which would drastically
improve survival rates by increasing the percentage of patients who are diagnosed with operable
lung cancers.

Table 1. Comparison of different circulating biomarkers.

Marker Pros Cons References

Circulating tumor cells

Can reflect tumor morphology and
pathological identification Very rare

[23,26,67–71]
Prognostic indicator of disease Downstream assays may be affected

by blood cells

May represent tumor heterogeneity

Can also be used for genetic analysis such as
gene expression profiling or mutation analysis

Circulating RNA
May provide tissue-specific information Multiple miRNA signatures

required to provide clinical utility
[36,37,40,42,43]

May provide patient-specific response Tumor-specific signatures may be
indistinguishable from other signals

miRNA may be affected
by hemolysis

Circulating proteins Inform dynamic changes occurring in cell Constant modification of proteins
not reflective of a specific signature [47,60]

Inform changes caused to microenvironment Difficult to detect very low amounts
of protein

Circulating DNA Monitor treatment response in patients Dying cells can
contaminate samples [26,66,71,72]

Difficult to differentiate between cell
free DNA and circulating

tumor DNA



Cancers 2016, 8, 61 7 of 10

Acknowledgments: We would like to thank Shari Barnett, the Study Coordinator, for her help.

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

References

1. Jemal, A.; Siegel, R.; Xu, J.; Ward, E. Cancer statistics, 2010. CA Cancer J. Clin. 2010, 60, 277–300. [CrossRef]
[PubMed]

2. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics. CA Cancer J. Clin. 2016, 66, 7–30. [CrossRef] [PubMed]
3. American Cancer Society. Cancer Facts and Figures 2015; American Cancer Society: Atlanta, GA, USA, 2015.
4. National Lung Screening Trial Research Team; Aberle, D.R.; Adams, A.M.; Berg, C.D.; Black, W.C.; Clapp, J.D.;

Fagerstrom, R.M.; Gareen, I.F.; Gatsonis, C.; Marcus, P.M.; et al. Reduced lung-cancer mortality with low-dose
computed tomographic screening. N. Engl. J. Med. 2011, 365, 395–409. [PubMed]

5. Albert, J.M. Radiation risk from CT: Implications for cancer screening. Am. J. Roentgenol. 2013, 201, W81–W87.
[CrossRef] [PubMed]

6. Lokhandwala, T.; Dann, R.; Johnson, M.; D’Souza, A. Costs of the diagnostic workup for lung cancer:
A medicare claims analysis. Int. J. Radiat. Oncol. Biol. Phys. 2014, 90, S9–S10. [CrossRef]

7. Husemann, Y.; Geigl, J.B.; Schubert, F.; Musiani, P.; Meyer, M.; Burghart, E.; Forni, G.; Eils, R.; Fehm, T.;
Riethmuller, G.; et al. Systemic spread is an early step in breast cancer. Cancer Cell 2008, 13, 58–68. [CrossRef]
[PubMed]

8. Izbicki, J.R.; Passlick, B.; Hosch, S.B.; Kubuschock, B.; Schneider, C.; Busch, C.; Knoefel, W.T.; Thetter, O.;
Pantel, K. Mode of spread in the early phase of lymphatic metastasis in non-small-cell lung cancer:
Significance of nodal micrometastasis. J. Thorac. Cardiovasc. Surg. 1996, 112, 623–630. [CrossRef]

9. Maruyama, R.; Sugio, K.; Mitsudomi, T.; Saitoh, G.; Ishida, T.; Sugimachi, K. Relationship between early
recurrence and micrometastases in the lymph nodes of patients with stage i non-small-cell lung cancer.
J. Thorac. Cardiovasc. Surg. 1997, 114, 535–543. [CrossRef]

10. Wong, S.Y.; Hynes, R.O. Lymphatic or hematogenous dissemination: How does a metastatic tumor cell
decide? Cell Cycle 2006, 5, 812–817. [CrossRef] [PubMed]

11. Kallergi, G.; Konstantinidis, G.; Markomanolaki, H.; Papadaki, M.A.; Mavroudis, D.; Stournaras, C.;
Georgoulias, V.; Agelaki, S. Apoptotic circulating tumor cells in early and metastatic breast cancer patients.
Mol. Cancer Ther. 2013, 12, 1886–1895. [CrossRef] [PubMed]

12. Nakagawa, T.; Martinez, S.R.; Goto, Y.; Koyanagi, K.; Kitago, M.; Shingai, T.; Elashoff, D.A.; Ye, X.; Singer, F.R.;
Giuliano, A.E.; et al. Detection of circulating tumor cells in early-stage breast cancer metastasis to axillary
lymph nodes. Clin. Cancer Res. 2007, 13, 4105–4110. [CrossRef] [PubMed]

13. Krishnamurthy, S.; Cristofanilli, M.; Singh, B.; Reuben, J.; Gao, H.; Cohen, E.N.; Andreopoulou, E.; Hall, C.S.;
Lodhi, A.; Jackson, S.; et al. Detection of minimal residual disease in blood and bone marrow in early stage
breast cancer. Cancer 2010, 116, 3330–3337. [CrossRef] [PubMed]

14. Ilie, M.; Hofman, V.; Long-Mira, E.; Selva, E.; Vignaud, J.M.; Padovani, B.; Mouroux, J.; Marquette, C.H.;
Hofman, P. “Sentinel” circulating tumor cells allow early diagnosis of lung cancer in patients with chronic
obstructive pulmonary disease. PLoS ONE 2014, 9, e111597. [CrossRef] [PubMed]

15. Chen, H.Y.; Yu, S.L.; Chen, C.H.; Chang, G.C.; Chen, C.Y.; Yuan, A.; Cheng, C.L.; Wang, C.H.; Terng, H.J.;
Kao, S.F.; et al. A five-gene signature and clinical outcome in non-small-cell lung cancer. N. Engl. J. Med.
2007, 356, 11–20. [CrossRef] [PubMed]

16. Bayarri-Lara, C.; Ortega, F.G.; Cueto Ladron de Guevara, A.; Puche, J.L.; Ruiz Zafra, J.; de Miguel-Perez, D.;
Ramos, A.S.; Giraldo-Ospina, C.F.; Navajas Gomez, J.A.; Delgado-Rodriguez, M.; et al. Circulating tumor
cells identify early recurrence in patients with non-small cell lung cancer undergoing radical resection.
PLoS ONE 2016, 11, e0148659. [CrossRef] [PubMed]

17. Flehinger, B.J.; Kimmel, M.; Melamed, M.R. The effect of surgical treatment on survival from early lung
cancer. Implications for screening. Chest 1992, 101, 1013–1018. [CrossRef] [PubMed]

18. Martin, K.J.; Fournier, M.V.; Reddy, G.P.; Pardee, A.B. A need for basic research on fluid-based early detection
biomarkers. Cancer Res. 2010, 70, 5203–5206. [CrossRef] [PubMed]

19. Zhang, Z.; Shiratsuchi, H.; Lin, J.; Chen, G.; Reddy, R.M.; Azizi, E.; Fouladdel, S.; Chang, A.C.; Lin, L.;
Jiang, H.; et al. Expansion of ctcs from early stage lung cancer patients using a microfluidic co-culture model.
Oncotarget 2014, 5, 12383–12397. [CrossRef] [PubMed]

http://dx.doi.org/10.3322/caac.20073
http://www.ncbi.nlm.nih.gov/pubmed/20610543
http://dx.doi.org/10.3322/caac.21332
http://www.ncbi.nlm.nih.gov/pubmed/26742998
http://www.ncbi.nlm.nih.gov/pubmed/21714641
http://dx.doi.org/10.2214/AJR.12.9226
http://www.ncbi.nlm.nih.gov/pubmed/23789701
http://dx.doi.org/10.1016/j.ijrobp.2014.08.142
http://dx.doi.org/10.1016/j.ccr.2007.12.003
http://www.ncbi.nlm.nih.gov/pubmed/18167340
http://dx.doi.org/10.1016/S0022-5223(96)70044-2
http://dx.doi.org/10.1016/S0022-5223(97)70041-2
http://dx.doi.org/10.4161/cc.5.8.2646
http://www.ncbi.nlm.nih.gov/pubmed/16627996
http://dx.doi.org/10.1158/1535-7163.MCT-12-1167
http://www.ncbi.nlm.nih.gov/pubmed/23778153
http://dx.doi.org/10.1158/1078-0432.CCR-07-0419
http://www.ncbi.nlm.nih.gov/pubmed/17634536
http://dx.doi.org/10.1002/cncr.25145
http://www.ncbi.nlm.nih.gov/pubmed/20564098
http://dx.doi.org/10.1371/journal.pone.0111597
http://www.ncbi.nlm.nih.gov/pubmed/25360587
http://dx.doi.org/10.1056/NEJMoa060096
http://www.ncbi.nlm.nih.gov/pubmed/17202451
http://dx.doi.org/10.1371/journal.pone.0148659
http://www.ncbi.nlm.nih.gov/pubmed/26913536
http://dx.doi.org/10.1378/chest.101.4.1013
http://www.ncbi.nlm.nih.gov/pubmed/1313349
http://dx.doi.org/10.1158/0008-5472.CAN-10-0987
http://www.ncbi.nlm.nih.gov/pubmed/20587531
http://dx.doi.org/10.18632/oncotarget.2592
http://www.ncbi.nlm.nih.gov/pubmed/25474037


Cancers 2016, 8, 61 8 of 10

20. Wendel, M.; Bazhenova, L.; Boshuizen, R.; Kolatkar, A.; Honnatti, M.; Cho, E.H.; Marrinucci, D.; Sandhu, A.;
Perricone, A.; Thistlethwaite, P.; et al. Fluid biopsy for circulating tumor cell identification in patients with
early-and late-stage non-small cell lung cancer: A glimpse into lung cancer biology. Phys. Biol. 2012, 9,
016005. [CrossRef] [PubMed]

21. Aceto, N.; Bardia, A.; Miyamoto, D.T.; Donaldson, M.C.; Wittner, B.S.; Spencer, J.A.; Yu, M.; Pely, A.;
Engstrom, A.; Zhu, H.; et al. Circulating tumor cell clusters are oligoclonal precursors of breast cancer
metastasis. Cell 2014, 158, 1110–1122. [CrossRef] [PubMed]

22. Sawabata, N.; Funaki, S.; Hyakutake, T.; Shintani, Y.; Fujiwara, A.; Okumura, M. Perioperative circulating
tumor cells in surgical patients with non-small cell lung cancer: Does surgical manipulation dislodge cancer
cells thus allowing them to pass into the peripheral blood? Surg. Today 2016. [CrossRef] [PubMed]

23. Nagrath, S.; Sequist, L.V.; Maheswaran, S.; Bell, D.W.; Irimia, D.; Ulkus, L.; Smith, M.R.; Kwak, E.L.;
Digumarthy, S.; Muzikansky, A.; et al. Isolation of rare circulating tumour cells in cancer patients by
microchip technology. Nature 2007, 450, 1235–1239. [CrossRef] [PubMed]

24. Den Toonder, J. Circulating tumor cells: The grand challenge. Lab Chip 2011, 11, 375–377. [CrossRef]
[PubMed]

25. Yu, M.; Stott, S.; Toner, M.; Maheswaran, S.; Haber, D.A. Circulating tumor cells: Approaches to isolation
and characterization. J. Cell Biol. 2011, 192, 373–382. [CrossRef] [PubMed]

26. Haber, D.A.; Velculescu, V.E. Blood-based analyses of cancer: Circulating tumor cells and circulating tumor
DNA. Cancer Discov. 2014, 4, 650–661. [CrossRef] [PubMed]

27. Shah, A.M.; Yu, M.; Nakamura, Z.; Ciciliano, J.; Ulman, M.; Kotz, K.; Stott, S.L.; Maheswaran, S.; Haber, D.A.;
Toner, M. Biopolymer system for cell recovery from microfluidic cell capture devices. Anal. Chem. 2012, 84,
3682–3688. [CrossRef] [PubMed]

28. Pantel, K.; Alix-Panabieres, C. Functional studies on viable circulating tumor cells. Clin. Chem. 2016, 62,
328–334. [CrossRef] [PubMed]

29. Bockhorn, M.; Jain, R.K.; Munn, L.L. Active versus passive mechanisms in metastasis: Do cancer cells crawl
into vessels, or are they pushed? Lancet Oncol. 2007, 8, 444–448. [CrossRef]

30. Pantel, K.; Speicher, M.R. The biology of circulating tumor cells. Oncogene 2015. [CrossRef] [PubMed]
31. Yu, M.; Bardia, A.; Wittner, B.S.; Stott, S.L.; Smas, M.E.; Ting, D.T.; Isakoff, S.J.; Ciciliano, J.C.; Wells, M.N.;

Shah, A.M.; et al. Circulating breast tumor cells exhibit dynamic changes in epithelial and mesenchymal
composition. Science 2013, 339, 580–584. [CrossRef] [PubMed]

32. Lecharpentier, A.; Vielh, P.; Perez-Moreno, P.; Planchard, D.; Soria, J.C.; Farace, F. Detection of circulating
tumour cells with a hybrid (epithelial/mesenchymal) phenotype in patients with metastatic non-small cell
lung cancer. Br. J. Cancer 2011, 105, 1338–1341. [CrossRef] [PubMed]

33. Aceto, N.; Toner, M.; Maheswaran, S.; Haber, D.A. En route to metastasis: Circulating tumor cell clusters and
epithelial-to-mesenchymal transition. Trends Cancer 2015, 1, 44–52. [CrossRef]

34. Wicha, M.S.; Hayes, D.F. Circulating tumor cells: Not all detected cells are bad and not all bad cells are
detected. J. Clin. Oncol. 2011, 29, 1508–1511. [CrossRef] [PubMed]

35. Sozzi, G.; Boeri, M. Potential biomarkers for lung cancer screening. Transl. Lung Cancer Res. 2014, 3, 139–148.
[PubMed]

36. Chen, X.; Ba, Y.; Ma, L.; Cai, X.; Yin, Y.; Wang, K.; Guo, J.; Zhang, Y.; Chen, J.; Guo, X.; et al. Characterization
of micrornas in serum: A novel class of biomarkers for diagnosis of cancer and other diseases. Cell Res. 2008,
18, 997–1006. [CrossRef] [PubMed]

37. Kunej, T.; Obsteter, J.; Pogacar, Z.; Horvat, S.; Calin, G.A. The decalog of long non-coding rna involvement in
cancer diagnosis and monitoring. Crit. Rev. Clin. Lab. Sci. 2014, 51, 344–357. [CrossRef] [PubMed]

38. Lawrie, C.H.; Gal, S.; Dunlop, H.M.; Pushkaran, B.; Liggins, A.P.; Pulford, K.; Banham, A.H.; Pezzella, F.;
Boultwood, J.; Wainscoat, J.S.; et al. Detection of elevated levels of tumour-associated micrornas in serum of
patients with diffuse large b-cell lymphoma. Br. J. Haematol. 2008, 141, 672–675. [CrossRef] [PubMed]

39. Chakraborty, C.; Das, S. Profiling cell-free and circulating mirna: A clinical diagnostic tool for different
cancers. Tumour Biol. J. Int. Soc. Oncodev. Biol. Med. 2016, 37, 5705–5714. [CrossRef] [PubMed]

40. Bianchi, F.; Nicassio, F.; Marzi, M.; Belloni, E.; Dall’olio, V.; Bernard, L.; Pelosi, G.; Maisonneuve, P.;
Veronesi, G.; Di Fiore, P.P. A serum circulating mirna diagnostic test to identify asymptomatic high-risk
individuals with early stage lung cancer. EMBO Mol. Med. 2011, 3, 495–503. [CrossRef] [PubMed]

http://dx.doi.org/10.1088/1478-3967/9/1/016005
http://www.ncbi.nlm.nih.gov/pubmed/22307026
http://dx.doi.org/10.1016/j.cell.2014.07.013
http://www.ncbi.nlm.nih.gov/pubmed/25171411
http://dx.doi.org/10.1007/s00595-016-1318-4
http://www.ncbi.nlm.nih.gov/pubmed/26951195
http://dx.doi.org/10.1038/nature06385
http://www.ncbi.nlm.nih.gov/pubmed/18097410
http://dx.doi.org/10.1039/c0lc90100h
http://www.ncbi.nlm.nih.gov/pubmed/21206959
http://dx.doi.org/10.1083/jcb.201010021
http://www.ncbi.nlm.nih.gov/pubmed/21300848
http://dx.doi.org/10.1158/2159-8290.CD-13-1014
http://www.ncbi.nlm.nih.gov/pubmed/24801577
http://dx.doi.org/10.1021/ac300190j
http://www.ncbi.nlm.nih.gov/pubmed/22414137
http://dx.doi.org/10.1373/clinchem.2015.242537
http://www.ncbi.nlm.nih.gov/pubmed/26637479
http://dx.doi.org/10.1016/S1470-2045(07)70140-7
http://dx.doi.org/10.1038/onc.2015.192
http://www.ncbi.nlm.nih.gov/pubmed/26050619
http://dx.doi.org/10.1126/science.1228522
http://www.ncbi.nlm.nih.gov/pubmed/23372014
http://dx.doi.org/10.1038/bjc.2011.405
http://www.ncbi.nlm.nih.gov/pubmed/21970878
http://dx.doi.org/10.1016/j.trecan.2015.07.006
http://dx.doi.org/10.1200/JCO.2010.34.0026
http://www.ncbi.nlm.nih.gov/pubmed/21422428
http://www.ncbi.nlm.nih.gov/pubmed/25806293
http://dx.doi.org/10.1038/cr.2008.282
http://www.ncbi.nlm.nih.gov/pubmed/18766170
http://dx.doi.org/10.3109/10408363.2014.944299
http://www.ncbi.nlm.nih.gov/pubmed/25123609
http://dx.doi.org/10.1111/j.1365-2141.2008.07077.x
http://www.ncbi.nlm.nih.gov/pubmed/18318758
http://dx.doi.org/10.1007/s13277-016-4907-3
http://www.ncbi.nlm.nih.gov/pubmed/26831657
http://dx.doi.org/10.1002/emmm.201100154
http://www.ncbi.nlm.nih.gov/pubmed/21744498


Cancers 2016, 8, 61 9 of 10

41. Montani, F.; Marzi, M.J.; Dezi, F.; Dama, E.; Carletti, R.M.; Bonizzi, G.; Bertolotti, R.; Bellomi, M.;
Rampinelli, C.; Maisonneuve, P.; et al. Mir-test: A blood test for lung cancer early detection. J. Natl.
Cancer Inst. 2015, 107, djv063. [CrossRef] [PubMed]

42. Boeri, M.; Verri, C.; Conte, D.; Roz, L.; Modena, P.; Facchinetti, F.; Calabro, E.; Croce, C.M.; Pastorino, U.;
Sozzi, G. Microrna signatures in tissues and plasma predict development and prognosis of computed
tomography detected lung cancer. Proc. Natl. Acad. Sci. USA 2011, 108, 3713–3718. [CrossRef] [PubMed]

43. Wozniak, M.B.; Scelo, G.; Muller, D.C.; Mukeria, A.; Zaridze, D.; Brennan, P. Circulating micrornas as
non-invasive biomarkers for early detection of non-small-cell lung cancer. PLoS ONE 2015, 10, e0125026.
[CrossRef] [PubMed]

44. Nadal, E.; Truini, A.; Nakata, A.; Lin, J.; Reddy, R.M.; Chang, A.C.; Ramnath, N.; Gotoh, N.; Beer, D.G.;
Chen, G. A novel serum 4-microrna signature for lung cancer detection. Sci. Rep. 2015, 5, 12464. [CrossRef]
[PubMed]

45. Pritchard, C.C.; Kroh, E.; Wood, B.; Arroyo, J.D.; Dougherty, K.J.; Miyaji, M.M.; Tait, J.F.; Tewari, M. Blood
cell origin of circulating micrornas: A cautionary note for cancer biomarker studies. Cancer Prev. Res. 2012, 5,
492–497. [CrossRef] [PubMed]

46. Wilkins, M.R.; Sanchez, J.C.; Gooley, A.A.; Appel, R.D.; Humphery-Smith, I.; Hochstrasser, D.F.; Williams, K.L.
Progress with proteome projects: Why all proteins expressed by a genome should be identified and how to
do it. Biotechnol. Genet. Eng. Rev. 1996, 13, 19–50. [CrossRef] [PubMed]

47. Aebersold, R.; Anderson, L.; Caprioli, R.; Druker, B.; Hartwell, L.; Smith, R. Perspective: A program to
improve protein biomarker discovery for cancer. J. Proteom. Res. 2005, 4, 1104–1109. [CrossRef] [PubMed]

48. Ajona, D.; Castano, Z.; Garayoa, M.; Zudaire, E.; Pajares, M.J.; Martinez, A.; Cuttitta, F.; Montuenga, L.M.;
Pio, R. Expression of complement factor h by lung cancer cells: Effects on the activation of the alternative
pathway of complement. Cancer Res. 2004, 64, 6310–6318. [CrossRef] [PubMed]

49. Shepherd, F.A.; Douillard, J.Y.; Blumenschein, G.R., Jr. Immunotherapy for non-small cell lung cancer: Novel
approaches to improve patient outcome. J. Thorac. Oncol. 2011, 6, 1763–1773. [CrossRef] [PubMed]

50. Hong, Y.; Huang, J. Autoantibodies against tumor-associated antigens for detection of hepatocellular
carcinoma. World J. Hepatol. 2015, 7, 1581–1585. [CrossRef] [PubMed]

51. Sohn, J.; Do, K.A.; Liu, S.; Chen, H.; Mills, G.B.; Hortobagyi, G.N.; Meric-Bernstam, F.; Gonzalez-Angulo, A.M.
Functional proteomics characterization of residual triple-negative breast cancer after standard neoadjuvant
chemotherapy. Ann. Oncol. 2013, 24, 2522–2526. [CrossRef] [PubMed]

52. Byrd, K.; Bateman, N.; Wang, G.; Hood, B.; Darcy, K.; Zahn, C.; Hamilton, C.; Lancaster, J.; Maxwell, G.;
Conrads, T. Correlation of survival-stratified proteomic and curated gene data reveal a three-protein
biomarker panel that predicts long-term survival of patients with primary epithelial ovarian cancer.
Gynecol. Oncol. 2014, 133, 205–206. [CrossRef]

53. Kao, A.H.; McBurney, C.A.; Sattar, A.; Lertratanakul, A.; Wilson, N.L.; Rutman, S.; Paul, B.; Navratil, J.S.;
Scioscia, A.; Ahearn, J.M.; et al. Relation of platelet c4d with all-cause mortality and ischemic stroke in
patients with systemic lupus erythematosus. Transl. Stroke Res. 2014, 5, 510–518. [CrossRef] [PubMed]

54. Ajona, D.; Pajares, M.J.; Chiara, M.D.; Rodrigo, J.P.; Jantus-Lewintre, E.; Camps, C.; Suarez, C.; Bagan, J.V.;
Montuenga, L.M.; Pio, R. Complement activation product c4d in oral and oropharyngeal squamous cell
carcinoma. Oral Dis. 2015, 21, 899–904. [CrossRef] [PubMed]

55. Kalnina, Z.; Meistere, I.; Kikuste, I.; Tolmanis, I.; Zayakin, P.; Line, A. Emerging blood-based biomarkers for
detection of gastric cancer. World J. Gastroenterol. 2015, 21, 11636–11653. [CrossRef] [PubMed]

56. Huang, L.J.; Chen, S.X.; Huang, Y.; Luo, W.J.; Jiang, H.H.; Hu, Q.H.; Zhang, P.F.; Yi, H. Proteomics-based
identification of secreted protein dihydrodiol dehydrogenase as a novel serum markers of non-small cell
lung cancer. Lung Cancer 2006, 54, 87–94. [CrossRef] [PubMed]

57. Ajona, D.; Pajares, M.J.; Corrales, L.; Perez-Gracia, J.L.; Agorreta, J.; Lozano, M.D.; Torre, W.; Massion, P.P.;
de-Torres, J.P.; Jantus-Lewintre, E.; et al. Investigation of complement activation product c4d as a diagnostic
and prognostic biomarker for lung cancer. J. Natl. Cancer Inst. 2013, 105, 1385–1393. [CrossRef] [PubMed]

58. Chapman, C.J.; Murray, A.; McElveen, J.E.; Sahin, U.; Luxemburger, U.; Tureci, O.; Wiewrodt, R.; Barnes, A.C.;
Robertson, J.F. Autoantibodies in lung cancer: Possibilities for early detection and subsequent cure. Thorax
2008, 63, 228–233. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/jnci/djv063
http://www.ncbi.nlm.nih.gov/pubmed/25794889
http://dx.doi.org/10.1073/pnas.1100048108
http://www.ncbi.nlm.nih.gov/pubmed/21300873
http://dx.doi.org/10.1371/journal.pone.0125026
http://www.ncbi.nlm.nih.gov/pubmed/25965386
http://dx.doi.org/10.1038/srep12464
http://www.ncbi.nlm.nih.gov/pubmed/26202143
http://dx.doi.org/10.1158/1940-6207.CAPR-11-0370
http://www.ncbi.nlm.nih.gov/pubmed/22158052
http://dx.doi.org/10.1080/02648725.1996.10647923
http://www.ncbi.nlm.nih.gov/pubmed/8948108
http://dx.doi.org/10.1021/pr050027n
http://www.ncbi.nlm.nih.gov/pubmed/16083259
http://dx.doi.org/10.1158/0008-5472.CAN-03-2328
http://www.ncbi.nlm.nih.gov/pubmed/15342420
http://dx.doi.org/10.1097/JTO.0b013e31822e28fc
http://www.ncbi.nlm.nih.gov/pubmed/21876456
http://dx.doi.org/10.4254/wjh.v7.i11.1581
http://www.ncbi.nlm.nih.gov/pubmed/26085917
http://dx.doi.org/10.1093/annonc/mdt248
http://www.ncbi.nlm.nih.gov/pubmed/23925999
http://dx.doi.org/10.1016/j.ygyno.2014.03.546
http://dx.doi.org/10.1007/s12975-013-0295-9
http://www.ncbi.nlm.nih.gov/pubmed/24323718
http://dx.doi.org/10.1111/odi.12363
http://www.ncbi.nlm.nih.gov/pubmed/26258989
http://dx.doi.org/10.3748/wjg.v21.i41.11636
http://www.ncbi.nlm.nih.gov/pubmed/26556992
http://dx.doi.org/10.1016/j.lungcan.2006.06.011
http://www.ncbi.nlm.nih.gov/pubmed/16876904
http://dx.doi.org/10.1093/jnci/djt205
http://www.ncbi.nlm.nih.gov/pubmed/23940286
http://dx.doi.org/10.1136/thx.2007.083592
http://www.ncbi.nlm.nih.gov/pubmed/17932110


Cancers 2016, 8, 61 10 of 10

59. Chen, G.; Wang, X.; Yu, J.; Varambally, S.; Yu, J.; Thomas, D.G.; Lin, M.Y.; Vishnu, P.; Wang, Z.; Wang, R.; et al.
Autoantibody profiles reveal ubiquilin 1 as a humoral immune response target in lung adenocarcinoma.
Cancer Res. 2007, 67, 3461–3467. [CrossRef] [PubMed]

60. Luo, L.; Dong, L.Y.; Yan, Q.G.; Cao, S.J.; Wen, X.T.; Huang, Y.; Huang, X.B.; Wu, R.; Ma, X.P. Research progress
in applying proteomics technology to explore early diagnosis biomarkers of breast cancer, lung cancer and
ovarian cancer. Asian Pac. J. Cancer Prev. 2014, 15, 8529–8538. [CrossRef] [PubMed]

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

62. Sausen, M.; Parpart, S.; Diaz, L.A., Jr. Circulating tumor DNA moves further into the spotlight. Genome Med.
2014, 6, 35–38. [CrossRef] [PubMed]

63. Patel, K.M.; Tsui, D.W. The translational potential of circulating tumour DNA in oncology. Clin. Biochem.
2015, 48, 957–961. [CrossRef] [PubMed]

64. Jiang, T.; Ren, S.; Zhou, C. Role of circulating-tumor DNA analysis in non-small cell lung cancer. Lung Cancer
2015, 90, 128–134. [CrossRef] [PubMed]

65. Newman, A.M.; Bratman, S.V.; To, J.; Wynne, J.F.; Eclov, N.C.; Modlin, L.A.; Liu, C.L.; Neal, J.W.;
Wakelee, H.A.; Merritt, R.E.; et al. An ultrasensitive method for quantitating circulating tumor DNA
with broad patient coverage. Nat. Med. 2014, 20, 548–554. [CrossRef] [PubMed]

66. Hyun, K.A.; Kim, J.; Gwak, H.; Jung, H.I. Isolation and enrichment of circulating biomarkers for cancer
screening, detection, and diagnostics. Analyst 2016, 141, 382–392. [CrossRef] [PubMed]

67. Vona, G.; Sabile, A.; Louha, M.; Sitruk, V.; Romana, S.; Schutze, K.; Capron, F.; Franco, D.; Pazzagli, M.;
Vekemans, M.; et al. Isolation by size of epithelial tumor cells—a new method for the immunomorphological
and molecular characterization of circulating tumor cells. Am. J. Pathol. 2000, 156, 57–63. [CrossRef]

68. Cristofanilli, M.; Budd, G.T.; Ellis, M.J.; Stopeck, A.; Matera, J.; Miller, M.C.; Reuben, J.M.; Doyle, G.V.;
Allard, W.J.; Terstappen, L.W.; et al. Circulating tumor cells, disease progression, and survival in metastatic
breast cancer. N. Engl. J. Med. 2004, 351, 781–791. [CrossRef] [PubMed]

69. Mohamadi, R.M.; Besant, J.D.; Mepham, A.; Green, B.; Mahmoudian, L.; Gibbs, T.; Ivanov, I.; Malvea, A.;
Stojcic, J.; Allan, A.L.; et al. Nanoparticle-mediated binning and profiling of heterogeneous circulating tumor
cell subpopulations. Angew. Chem. 2015, 54, 139–143. [CrossRef] [PubMed]

70. Smirnov, D.A.; Zweitzig, D.R.; Foulk, B.W.; Miller, M.C.; Doyle, G.V.; Pienta, K.J.; Meropol, N.J.; Weiner, L.M.;
Cohen, S.J.; Moreno, J.G.; et al. Global gene expression profiling of circulating tumor cells. Cancer Res. 2005,
65, 4993–4997. [CrossRef] [PubMed]

71. Maheswaran, S.; Sequist, L.V.; Nagrath, S.; Ulkus, L.; Brannigan, B.; Collura, C.V.; Inserra, E.; Diederichs, S.;
Iafrate, A.J.; Bell, D.W.; et al. Detection of mutations in egfr in circulating lung-cancer cells. N. Engl. J. Med.
2008, 359, 366–377. [CrossRef] [PubMed]

72. Schwarzenbach, H.; Hoon, D.S.; Pantel, K. Cell-free nucleic acids as biomarkers in cancer patients.
Nat. Rev. Cancer 2011, 11, 426–437. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1158/0008-5472.CAN-06-4475
http://www.ncbi.nlm.nih.gov/pubmed/17409457
http://dx.doi.org/10.7314/APJCP.2014.15.20.8529
http://www.ncbi.nlm.nih.gov/pubmed/25374164
http://www.ncbi.nlm.nih.gov/pubmed/837366
http://dx.doi.org/10.1186/gm552
http://www.ncbi.nlm.nih.gov/pubmed/24944584
http://dx.doi.org/10.1016/j.clinbiochem.2015.04.005
http://www.ncbi.nlm.nih.gov/pubmed/25889059
http://dx.doi.org/10.1016/j.lungcan.2015.09.013
http://www.ncbi.nlm.nih.gov/pubmed/26415994
http://dx.doi.org/10.1038/nm.3519
http://www.ncbi.nlm.nih.gov/pubmed/24705333
http://dx.doi.org/10.1039/C5AN01762A
http://www.ncbi.nlm.nih.gov/pubmed/26588824
http://dx.doi.org/10.1016/S0002-9440(10)64706-2
http://dx.doi.org/10.1056/NEJMoa040766
http://www.ncbi.nlm.nih.gov/pubmed/15317891
http://dx.doi.org/10.1002/anie.201409376
http://www.ncbi.nlm.nih.gov/pubmed/25377874
http://dx.doi.org/10.1158/0008-5472.CAN-04-4330
http://www.ncbi.nlm.nih.gov/pubmed/15958538
http://dx.doi.org/10.1056/NEJMoa0800668
http://www.ncbi.nlm.nih.gov/pubmed/18596266
http://dx.doi.org/10.1038/nrc3066
http://www.ncbi.nlm.nih.gov/pubmed/21562580
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Circulating Tumor Cells (CTCs) 
	CTCs in Early Cancer Detection 
	CTCs in Lung Cancer 
	Challenges in CTC Studies 

	Circulating RNA 
	RNAs in Cancer Detection 
	RNAs in Lung Cancer Detection 
	Challenges in miRNA Studies 

	Circulating Proteins 
	Circulating Proteins in Cancer Detection 
	Proteins in Lung Cancer Detection 
	Challenges in Protein Studies 

	Circulating DNA 
	Conclusions 

