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Lung cancer is currently the leading cause of cancer death in both developing and
developed countries. Given that lung cancer has poor prognosis in later stages, it is
essential to achieve an early diagnosis to maximize patients’ overall survival. Non-small cell
lung cancer (NSCLC) is the most common form of primary lung cancer in both smokers
and non-smokers. The current standard screening method, low-dose computed
tomography (LDCT), is the only radiological method that demonstrates to have mortality
benefits across multiple large randomized clinical trials (RCT). However, these RCTs also
found LDCT to have a significant false positive rate that results in unnecessary invasive
biopsies being performed. Due to the lack of both sensitive and specific screening
methods for the early detection of lung cancer, there is an urgent need for alternative
minimally or non-invasive biomarkers that may provide diagnostic, and/or prognostic
information. This has led to the identification of circulating biomarkers that can be readily
detectable in blood and have been extensively studied as prognosis markers. Circulating
microRNA (miRNA) in particular has been investigated for these purposes as an
augmentation to LDCT, or as direct diagnosis of lung cancer. There is, however, a lack
of consensus across the studies on which miRNAs are the most clinically useful. Besides
mMiRNA, other potential circulating biomarkers include circulating tumor cells (CTCs),
circulating tumor DNA (ctDNAs) and non-coding BRNAs (ncRNAs). In this review, we
provide the current outlook of several of these biomarkers for the early diagnosis
of NSCLC.
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INTRODUCTION

Despite advances in detection and treatment for various types of
cancer, lung cancer has remained one of the cancers with the
highest incidence and mortality (1). In 2018, the World Health
Organization (WHO) reported that lung cancer was the leading
cancer diagnosed accounting for approximately 2.1 million cases
in both developing and developed countries (1). Moreover, lung
cancer has the highest cancer mortality, with 1.8 million deaths
or 18.4% of all cancer deaths annually. Currently in the USA, the
National Institutes of Health (NIH) data shows that 57% of all
lung cancer is diagnosed at a distant organ metastasis, with an
overall five-year survival of 19.4% (2). In fact, lung cancer causes
more deaths than prostate, breast, colorectal and brain cancers
combined (3). Given that lung cancer has such a poor survival
profile, there is an urgent need to discover new treatment, and
more importantly, sensitive and specific methods to detect lung
cancer at an early stage to commence treatment as soon
as possible.

Lung Cancer is divided into Small Cell Lung Cancer (SCLC)
and Non-Small Cell Lung Cancer (NSCLC). Most cases are
NSCLC (85%) compared with SCLC (15%) (4). NSCLC can be
further divided into different subtypes. The most common
subtypes include: Lung Adenocarcinoma (LUAD, 40%),
squamous cell carcinoma (LUSC, 25%) and large cell
carcinoma (10%) (5). Other less common NSCLC include
neuroendocrine tumors and carcinomas with pleomorphic,
sarcomatoid elements.

Low-dose computed tomography (LDCT) is a radiological
method that has been used to screen NSCLC. Once a suspicious
nodule is identified using this method, an invasive biopsy will be
performed. The National Lung Screening Trial (NLST), in 2010,
has shown that LDCT decreased mortality by 20%, but
alarmingly, this screening method had a 96.4% false positive
rate (6), making it extremely non-specific and leading to many
unnecessary invasive procedures and associated complications.
This highlights the need for a NSCLC detection method that is
both sensitive and specific.

Due to the lack of sensitive and/or specific radiological
screening methods, there has been much research effort to
investigate biomarkers to perform a “liquid biopsy.” Liquid
biopsies are methods of screening or diagnosing diseases using
saliva, urine, cerebrospinal, and blood (plasma and serum)
biomarkers. Examples of these biomarkers include circulating
tumor cells (CTCs), circulating tumor DNA (ctDNA),
circulating microRNA (miRNA), non-coding RNA (ncRNAs),
and tumor-derived extracellular vesicles (EVs) [reviewed in (7)].
Within this group, miRNAs have become one of the leading
NSCLC biomarker candidates. MiRNAs are non-coding RNA
which are ~22 nucleotides in length. Their primary function is to
bind to messenger RNAs (mRNA) to restrict protein translation
or increase mRNA degradation. In certain cancers, such as
ovarian, lung or pancreatic cancers, changes in miRNA
expression may provide both sensitive and specific diagnoses
(8-10). More importantly, miRNA may be found in blood, stool,
urine, and sputum, making their extraction minimal to non-
invasive (11-15). Owing to these properties, miRNAs are also

currently being investigated as biomarkers for disease prognosis
and treatment response by surgical or medical therapy (16-18).
In this review, we provide a summary of the leading
candidates for lung cancer liquid biopsies including miRNA,
CTCs, ctDNA, and other ncRNAs. We highlight that when these
biomarkers are used in conjunction with LDCT, it is possible to
achieve both sensitive and specific early NSCLC detection.

CURRENT RADIOLOGICAL SCREENING
METHODS

The most common radiographical screening methods include
using LDCT, and it is the only universally recommended method
for lung cancer screening (19). The evidence to screen with
LDCT is strong, and it is the only screening test shown to reduce
the NSCLC mortality rate in multiple large randomized clinical
trials (RCT) (6, 20, 21). The NLST screened 53,454 people aged
between 55 to 74 years old with at least 30 pack-years, or have
stopped smoking within the previous 15 years from 2002 to 2010
(6). The trial participants were screened once by LDCT when
they were randomized, and then two additional times at yearly
intervals (6). The study reported that there was actually a 20%
reduction in mortality over a five-year period in the LDCT group
as compared with the chest x-ray (CXR) group (6). Alarmingly,
despite the high sensitivity of LDCT, the trial also discovered that
LDCT had a 96% false-positive rate (6), making the test highly
unspecific. Along with the US-based NLST trial, other European-
based trials experienced similar results. The Nederlands-Leuvens
Longkanker Screenings ONderzoek (NELSON) trial, the second-
largest LDCT lung cancer screening RCT involving 15,792
individuals, showed that while there was no mortality benefit
within five years of the annual LDCT screen, there was a 26%
reduction in lung cancer death after 10 years of follow-up (20).
The NELSON trial also had a high false positive rate (59.4%),
highlighting that LDCT, when used in isolation, is highly non-
specific (20). Smaller European trials, such as the Multicentric
Italian Lung Detection (MILD) trial, and the Danish Lung
Cancer Screening Trial (DLCST), also showed a LDCT false
positive rate ranging from 18.5% to 67.5% (21, 22).

Such high false-positive rates, and over diagnosis,
significantly increase the use of unnecessary invasive
procedures and may lead to complications. Furthermore,
annual LDCT screening also leads to increased radiation
exposure. For example, in the NLST, an average radiation
exposure of 8 mSv over three years could potentially cause one
cancer in every 2500 people screened (23). Therefore, there have
been efforts to combine biomarkers with imaging to permit a
decrease in radiation exposure. Using 939 study participants
from the MILD study (10-year follow-up RCT screening 4,099
participants aged 49-75 years with a smoking history of more
than 20 years), Sozzi et al. (24) screened a previously discovered
panel of 24 miRNAs (25). This retrospective analysis of a large
patient cohort revealed that the miRNA panel could reduce
LDCT false positives from 19.6% to only 3.7% (24). Due to the
success of this retrospective analysis, a prospective clinical trial is
currently on-going (BioMILD) (26).
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Potential Screening Methods by Liquid
Biopsy
To reduce unnecessary invasive procedures and radiation exposure,
and increased screening coverage for lung cancer, there is an urgent
need for a cheap, sensitive and specific screening test that could be
used in conjunction with LDCT. The “liquid biopsy” field is rapidly
expanding in the field of translational cancer research (27).
Biomarkers such as circulating tumor DNA (ctDNA), circulating
tumor cells (CTC), miRNA, circulating ncRNA, and many others
have been explored as potential clinical markers for detection and
prognosis in different cancers such as prostate, lung, and melanoma
(27). Out of all the biomarkers, the use of miRNAs has the greatest
potential, due to its simplified extraction methods (from blood,
saliva, and urine), sensitivity, and well-established role in messenger
RNA (mRNA) regulation. In fact, having a liquid biopsy as a
molecular test for patients with NSCLGC, is included amongst a list of
recommendations in the new guidelines for the College of American
Pathologists (CAP), as well as the International Association for the
Study of Lung Cancer (IASLC), and the Association for Molecular
Pathology (AMP) (28).

There are many reasons why a liquid biopsy is useful: Firstly,
a significant patient subgroup cannot undergo conventional
biopsy procedures or be induced under anesthesia for surgery
due to poor clinical condition or the location of the tumor.
Secondly, liquid biopsies spare the patient from surgery
complications from CT-guided transthoracic lung biopsies.
Thirdly, in a single tissue biopsy, the amount of tissue may not
be enough to perform all the required tests or analyses, which is
compounded by the heterogeneous nature of the tumor. Finally,
invasive procedures or surgeries are more expensive than a blood
draw, making non-invasive markers more cost-effective (28).

POTENTIAL NSCLC BIOMARKERS

There are a number of potential biomarkers currently being
investigated or studied. In the next sections, we will discuss such
biomarkers’ utility, current status, as well as pros and cons. A
summary of the various biomarkers and associated clinical trials
are shown in Tables 1-3.

MicroRNA (miRNA)

MiRNA dysregulation is well known to be associated with a wide
range of diseases, including cancer, due to their important
function in gene regulation. It has been long known that

TABLE 1 | Circulating biomarker candidates for NSCLC diagnosis.

miRNA dysregulation can lead to certain oncogene
upregulation or tumor suppressor gene down-regulation (31).
This dysregulation has been shown to down-regulate protective
genes such as PTEN and TP53 (32, 33) while increasing the
expression of oncogene such as RAS and MYC (34, 35). For
example, cigarette smoke has been shown to downregulate the
miRNA let-7¢, a known regulator of the oncogene KRAS, which
is known to induce tumorigenesis (36). This suggests that
dysregulation of miRNA may be an early event in lung cancer
tumorigenesis and may contribute to cancer progression (37). It
can be postulated that by detecting such changes may also
contribute to the early detection of cancer.

There are several reasons that make miRNA attractive as a
detection tool. Primarily, it can be sensitively detected, and
extracted non-invasively (38). Additionally, miRNA has been
known to be very stable in bodily fluids, including serum and
plasma, thus making it a readily obtainable biomarker (38).
Interestingly, in different lung cancer subtypes such as
squamous cell carcinoma, adenocarcinomas, and small cell
carcinoma, miRNA expression can behave in a tissue-specific
manner (39, 40).

In general, miRNAs are released from cells via distinct
exosomal or non-exosomal pathways. The three main theories
on miRNA secretion into blood are: 1) Leakage due to chronic
inflammation and/or cell apoptosis 2) Active loading into
exosomes, which are 40-100nm vesicles, released from the
tumor cell and 3) Active secretion and bound to proteins (e.g.
AGQ2) or lipoproteins (LDL, HDL) (41, 42).

Given that there is dysregulation of miRNA in tumor cells, in
theory there should be changes in multiple miRNA levels, which
could be detected in body fluids, including plasma, whole blood,
sputum, and urine (38). For example, a study by Yanaihara et al.
showed that 12 miRNAs could be used to discriminate NSCLC
from non-cancerous lung tissues (43). Whereas a review by
Moretti et al. identified, through literature search, one highly
specific and one highly sensitive miRNA panel respectively to
detect stage I and II NSCLC. This review proposed that a two-
phase screening may be appropriate, where the highly sensitive
panel is used first, and then the highly specific panel can confirm
the finding of the first panel, and by doing so, this could increase
the overall detection sensitivity to 91.6%, with an overall
specificity of 93.4% (44).

As described, miRNAs can also be used to distinguish
subtypes of lung cancer. For example, miR-7c, miR-21, miR-
29b, miR-106a, miR-125a-5p, miR-129-3p, miR-205, and miR-

Biomarker Description Detection method Commercial product(s)
class

Circulating Individual cells detached from the tumors and circulate in the body, which  ISET™ CellSearch™, CTC-iChipneg device, CelSearch™

Tumor Cells  can be detected mainly in whole blood but can also be found in other ClearCell FX™, CellSieve™, Parsortix™ ISET,

(CTCs) body fluids such as pleural effusion GILUPI CellCollector™ ©29)

Circulating Circulating free tumor DNA is single or double-stranded DNA from CTCs ME-PCR, ARMS, BEAMing, Sequenom, AS- cobas™ EGFR Mutation
Tumor DNA  or the tumor itself APEX, ARMS, cpbas EGFR blood test, PNA- Test v2, Guardant360™,
(CtDNA) mediated PCT clamping, MBP-QP, ddPCR (30)

InVisionFirst™-Lung
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TABLE 2 | Ongoing clinical trials studying using microRNA to detect NSCLC.

Trial number Sponsoring institution Trial name Outcome measures Reference
NCT02247453 Ugo Pastorino, Fondazione Plasma microRNA Profiling as First Line Screening Test for 24 miRNA panel as adjunct diagnosis (52)
IRCCS Istituto Nazionale dei Lung Cancer Detection: a Prospective Study (BioMILD) tool with LDCT
Tumori, Milano
NCT03452514 Hummingbird Diagnostics Addition of microRNA Blood Test to Lung Cancer Screening Validation study for circulating miRNA to (53)
Low Dose CT be used with LDCT. Did not publish
mMIRNA panel.
NCT04323579 Istituto Clinico Humanitas Validation of Multiparametric Models and Circulating and Diagnose NSCLC with 45- and 16- (54)
Imaging Biomarkers to Improve Lung Cancer EARLY miRNA signatures combined with LDCT
Detection. (CLEARLY)
NCT03397355 China-Japan Friendship Hospital Monitoring the Changes of Tumor-related Biomarkers Identify circulating miRNA changes (55)
Before and After Puimonary Nodule Biopsy. before and after tumor resection
NCT03721120 Centre Leon Berard Evaluation of the Feasibility and Clinical Relevance of Liquid  Circulating miRNA profiling before (56)
Biopsy in Patients With Suspicious Metastatic Lung Cancer  treatment and 8 weeks after treatment
(LIBELULE) initiation

375 can be used to distinguish the subtypes of NSCLC and SCLC
with an accuracy of 93.7% (45). While there are yet to be large
scale validation studies of NSCLC miRNA detection panels, there
have been promising results in other cancer types. Recently,
Ochiya et al. have shown that a panel miRNA can be used to
detect early stages of ovarian cancer with 99% sensitivity and
100% specificity (39). Therefore, there is much potential for the
discovery of a highly sensitive and specific NSCLC miRNA panel
to to improve patient outcomes by detecting disease in its earliest
stage so treatment can commence without delay.

Besides endogenous gene regulation, miRNA can be
transmitted in the blood and act in cell-to-cell communication
similar to the mode of action of a hormone (46). This is
interesting as it suggests that certain “hormone-like” miRNA
expression may change in the blood of NSCLC patients, thus
supporting the hypothesis that changes in plasma miRNA could
be used to detect the development and the spread of cancer. For
example, miR-233 has been identified as a “hormone-like”
miRNA, and has been reported to transport into breast cancer
cell with no cell-to-cell contact (47). This further solidifies that
miRNA expression change may be early events of carcinogenesis
and that miRNA detection can provide early indications of
tumorigenesis and metastasis.

Due to cancer’s diverse nature, it can be very difficult to
accurately predict the prognosis of patients, as it can be
influenced by lifestyle and specific driver mutations unique to
the cancers. Research performed in metastatic renal cell
carcinoma showed that stem cells release microvesicles that
carry several miRNAs that were associated with the
establishment of a metastatic friendly environment in the lung
(48). In terms of NSCLC, high expression of tissue let-7a, miR-
221, miR-137, and miR-182 have been shown to increase the
invasiveness of lung cancer cells and predict poor prognosis (49).
While Kim et al. has shown that miR-126 reduction and miR-
200c elevations in biopsied samples indicate poor prognosis in
NSCLC patients (50). Finally, a meta-analysis of miRNAs by Yu
et al. demonstrated that a global increase in overall miRNA level
in NSCLC patients tended to be associated with decreased
survival (51).

Plasma-derived expression of miRNAs for NSCLC detection,
is a minimally invasive procedure, currently at an early phase of

development. There are a number of current clinical trials using
miRNAs for NSCLC detection (summarized in Table 2). Sozzi
et al. showed that a panel of 24 plasma miRNA have 87%
sensitivity and 81% specificity, for detecting lung cancer, and
have a 27% positive predictive value, and 99% negative predictive
value (24). This miRNA panel is currently undergoing the
BioMILD trial (Table 2), which may provide evidence on the
utility of miRNA alongside LDCT to diagnosis NSCLC.
Preliminary data from the BioMILD trial panel suggest that it
may be able to screen for patients who are high risk in lung
cancer development. Furthermore, the Sozzi et al. study was able
to identify patients who were at high risk of developing lung
cancer up to two years before radiological diagnosis (57).

Rosetta Genomics (not active at time of review) was approved
by the Food Administration Agency (FDA) in 2012, to use a
library of miRNA to differentiate between small cell lung cancer,
carcinoid, squamous non-small cell lung cancer, and non-
squamous cell non-small cell lung cancer (40). However, this
miRNA panel was only to be used on tissue biopsy samples,
which restricted its use as early detection of lung cancer and as a
minimally invasive procedure (58). As such, identifying miRNA
in plasma, which can detect different subtypes of NSCLC, can be
a future path when investigating the relationship of miRNA
and NSCLC.

Hummingbird diagnostics is currently developing NSCLC,
melanoma, breast cancer, and general cancer miRNA panels
(59). Their 17 patents granted in the field of whole blood miRNA
expression profiling are currently being clinically validated with
funding from three European FP-7 consortia (BestAgeing,
RiskyCAD, and EURenOmics) (59). Due to this early phase, it
has much potential, and can hopefully be translated into clinical
use in the future. As such, identifying miRNA in plasma, which
can detect different subtypes of NSCLC, has promise in the
minimally invasive diagnosis of NSCLC. There has been a lack of
investigations to study miRNA panels intended to separate early-
stage squamous cell carcinoma and adenocarcinoma, the two
most common NSCLC subtypes.

Circulating Tumor Cells (CTCs)
Circulating Tumor Cells (CTCs) have been a popular research
topic for cancer detection in recent years. CTCs are cells
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detached from tumors, which can be detected mainly in whole
blood, but can also be found in other body fluids such as pleural
effusions (60). Since CTCs can represent the malignancy, it has
the potential to be used as a minimally invasive biomarker to
understand the tumor’s biology and associated somatic
mutations and copy number aberrations. Furthermore, it has
been reported that CTCs have an important role in cancer
metastasis as they will invade venous or lymphatic vessels, and
seed in different organs; thus CTCs may be a useful tool in the
detection of metastatic cancer (61). As such, there are several
phase II and III clinical trials undergoing investigation for the
number of CTCs in blood and their relationship with treatment
response. For example, in the Treat-CTC (NCT01548677) Phase
II RCT, the investigators are investigating the correlation
between CTCs and disease survival in patients with human
epidermal growth factor receptor 2 (HER2) negative primary
breast cancer treated with trastuzumab therapy.

Besides using the amount of CTCs in the blood as an overall
detection for metastatic cancer, it has been reported that protein,
and mRNA from the CTCs can be used to determine specific
mutant protein and prognosis (62). For example, the presence of
EpCAM/MUCI mRNA-positive CTCs significantly decrease a
NSCLC patient’s disease-free, and overall survival (63).
Furthermore, high amounts of CTCs collected from the
pulmonary vein (=18 PV-CTCs/7.5ml), has been found to be
associated with decreases in survival of early staged NSCLC
patients (64). Interestingly, the commercially available
nanoString nCounter platforms have been shown to be able to
measure plasma CTC-RNAs. This platform can directly measure
mRNA without requiring its conversion to cDNA or multiplexed
target enrichment (MTE), by directly capturing and counting of
individual targets (65). In fact, the FDA approved the nCounter-
based Prosigna assay in 2013 to diagnosis breast cancer subtypes,
and risk of recurrence, by using a 50-gene signature in breast
tissue samples (66). The nCounter system also has been shown
to be able to detect EV-derived mRNA (67). Thus, there is
potential to use this platform to detect gene expression in CTCs
with high sensitivity.

CTCs can also be analyzed to detect common somatic EGFR
mutations (68) as well as ALK translocations using filter-adapted
fluorescent in situ hybridization (FA-FISH) (69). As mentioned
above, since NSCLC treatments may involve targeting specific
mutations, requiring fine-needle biopsy of the tumor for
mutation analysis, CTC mutation analysis may provide a non-
invasive method of determining a tumors mutation. The
detection of CTCs is however limited to only a few tumor cells
per 1x10°-107 peripheral blood mononuclear cells in patients
with advanced tumors (27). The Treat-CTC study also reported
that most patients only have one CTCs per 15 ml of blood, thus
making it a major limitation to the study (70) using current
detection methods. Since CTCs are present in low numbers in
blood, detection requires highly sensitive and specific methods.
The current FDA approved CellSearch® (Veridex LLC) uses
EpCAM-coated magnetic beads to isolate CTCs; it is currently
approved for metastatic breast, colorectal, and prostate cancers
(71). There have been studies investigating CellSearch™ as a tool

for NSCLC, and it has been reported that in metastatic NSCLC,
only 32% of patients have more than two CTCs before
chemotherapy treatment (27). Whilst high specificity of more
than 89% can be achieved, sensitivity varies from 27-70% (27),
which may limit its clinical scope in NSCLC diagnoses. Even
though this method is FDA approved, and that detection
sensitivity of CTC in late-stage NSCLC is improved
significantly (27), this method has little clinical utility for early
detection of NSCLC.

Other more recent CTC isolation systems, such as
ClearCell® FX (72), the VTX-1 Liquid Biopsy System (73),
and the Parsortix " Cell Separation System (74), have been
shown to improve CTC capture to the point where there are
enough tumor cells to be xenografted into mice, and to study the
tumor cells’ molecular biology (75, 76). However, these studies
mainly focus on SCLC as these tumors have high numbers of
CTCs in blood, with a strong ability to proliferate (75). In
comparison, NSCLC have fewer CTCs in the blood, and lower
relative proliferative abilities, especially during early cancer
stages. This makes NSCLC CTCs much harder to capture and
study (75).

Circulating Free Tumor DNA (ctDNA)

Circulating free tumor DNA is single or double-stranded DNA
from CTCs or the tumor itself. CtDNA exists in serum or plasma
and may preserve many mutation characteristics of the tumor
cells (77). For example, it can preserve somatic point mutations
or methylation patterns of metastatic colorectal cancer cells with
KRAS mutation, which have been used to predict the patient’s
prognosis (78). Moreover, ctDNA has been reported to correlate
with tumor burden and to the therapeutic response in NSCLC. A
meta-analysis by Fan et al. showed that in groups that were
treated with or without chemotherapy, detection of the EGFR
mutation in ctDNA improved patient prognosis, while patients
with the KRAS mutation had a worse prognosis in NSCLC (79).

Since many cancer treatments target specific mutations, and
cancer can develop drug resistance quickly, it is important to
rapidly determine a tumor’s mutation status. While invasive
tumor biopsy and immunohistochemical staining are the gold
standards in mutation determination (80), ctDNA may be
representative of the genome of the tumor. Thus, ctDNA can
be used to identify mutations non-invasively (80, 81). In fact, the
cobas® EGFR Mutation Test v2 from Roche was FDA approved
to detect NSCLC EGFR exon 19 or exon 21 substitution
mutations, in 2016 (82). Indeed, in more recent large clinical
trials, (e.g. AURA2, AURA3 and FLAURA), it has been
demonstrated that it is possible to use cobas® to detect ctDNA
with EGFR mutations in locally advanced and metastatic
NSCLC. For example, the AURA3 trial used ctDNA to gauge
NSCLC response to osimertinib as compared with platinum-
based therapy plus pemetrexed. This study supported that
ctDNA can be used to detect EGFR T790M mutations in
plasma, though the study also cited that there can be a high
false negative rate (83). Similarly, the AURA2 trial also exhibited
low sensitivity, with circulating T790M mutation only present in
40% of patients. Thus, it was suggested that patients who were
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plasma ctDNA negative should obtain a tissue DNA sample for
verification (84). The FLAURA trial, also investigated circulating
levels of T790M mutations and found that detectable signals
were higher in patients that had a higher tumor burden due to
increased shedding of ctDNA. Furthermore, this study reported
that there were patients with “non-shedding” tumors with no
detectable plasma ctDNA and these patients had better
prognosis than patients with detectable plasma ctDNA (85).
Thus, plasma ctDNA may be specific in detecting later staged
NSCLC, and their mutation status, but it may not be sensitive
enough to detect early staged NSCLC.

Other clinical trials also found that while ctDNA is highly
specific, it may not be as sensitive as miRNA, with early trials
ranging between 43-65.7% in detecting malignancy mutations
(28, 86). For example, the IPASS and LUX-LUNG3 Phase III
RCTs showed that sensitivity level was only 43% (28). Whereas
the ASSESS trial showed that ctDNA can detect EGFR mutations
with low sensitivity (46%), but a high specificity (97%) (28). Later
trials, such as the phase IV IFUM trial, have found that the
sensitivity to detect ctDNA was improved up to 65.7% using the
Scorpion Amplification Refractory Mutation System (ARMS)-
based EGFR mutation detection kit (86). Interestingly, different
subtypes of lung cancer may secrete a different amount of ctDNA
due to the degree of necrosis in early staged NSCLC. In a study
by Abbosh et al., a commercial ctDNA assay panel (developed by
Natera) was used to screen the first 100 stage I (LUSC and
LUAD) TRACERx study participants; which resulted in c¢tDNA
being detected in 94% of LUSC, whereas only 13% of LUAD
patients were positive. (87). Since LUAD is the largest subtype of
NSCLC and any lung cancer (5), the use of ctDNA is limited to
only late stage, and thus need to be combined with other
biomarkers or imaging modalities to detect early stage NSCLC.

There are multiple ways of detecting ctDNA, which includes
PCR based methods and Next-Generation Sequencing (NGS)
based methods. PCR based method examples include
quantitative PCR (qPCR), digital PCR (dPCR), and BEAMing
(which stands for beads, emulsion, amplification and magnetics)
(27). In contrast, NGS based methods include CAncer
Personalized Profiling by deep Sequencing (CAPP-Seq), and
Tagged AMplicon deep Sequencing (TAM-Seq) (88). Compared
to PCR based methods, NGS based methods are more expensive,
but their sensitivity and specificity are very promising. CAPP-seq
has been assessed to have an initial sensitivity and specificity of
85% and 96% (88). However when stage 1 tumors where
specifically assessed, the sensitivity was reduced to 50% (88). A
recent paper by Chabon et al. showed that by optimizing the
CAPP-seq methodology, and using machine learning to generate a
lung cancer likelihood in plasma score (Lung-CLiP), stage 1
NSCLC can be detected with 41% sensitivity and 98%
specificity, while stage 2 can be detected with 54% sensitivity
(89). Moreover, as oppose to PCR based methods, NGS uses an
unbiased approach, assessing all genes, and as such can detect
unknown gene mutations of lung cancer.

DNA methylation dysregulation is a hallmark of carcinogenesis,
as CpG island hypermethylation can reduce the expression of
certain onco-protection genes. Since ctDNA is mainly derived

from apoptotic or dead tumor cells, they should represent the
tumor genomic DNA (90). In fact, Hao et al. have shown that
methylated ctDNA was identified in 32 of 34 (94%) colo-rectal
cancers which had metastasized to the lung (91). This indicates that
ctDNA may be able to help identify if the lung tumor is of primary,
or metastatic origin. Currently, the MEDAL trial is the first
prospective study to compare the detection of aberrant
methylation and mutations in ctDNA among stage 1A to 3
surgical NSCLC patients (92). The MEDAL trial results are due in
2021, and it will be interesting to see if they provide evidence to
support using methylated ctDNA for NSCLC detection.

There have been many questions about the use of ctDNA as
an early diagnosis tool. Like CTCs, ctDNA has been reported to
have very low amount in blood ranging normally from 13-51 ng/
ml (93). This requires large volumes of blood to be drawn or high
levels of secretion. Moreover, the cancer may need to be relatively
advanced before sufficient ctDNA can be extracted to cross the
detection threshold, thus making it more useful to detect later
stages of the cancer. Finally, while cobas® can reach acceptable
levels of specificity, sensitivity issues remain problematic. Since
detection of tumor specific mutations are possible, this high
specificity may make the assessment of ctDNA an ideal candidate
to be used in conjunction with LDCT. Indeed, the CancerSEEK
trial showed that ctDNA has a median of 70% sensitivity across
eight cancer types, when combined with protein biomarkers, in
1,015 patient samples, which included lung cancer (94).

GRAIL Inc is currently conducting four large scale ctDNA
randomized control trials (RCT): the SUMMIT trial (95), the
PATHFINDER trial (96), the Circulating Cell-free Genome Atlas
(CCGA) Study (97) and the STRIVE study (98). Out of the four
RCTs, the SUMMIT trial specifically aims to evaluate the
performance of the GRAIL ultra-deep sequencing to detect
ctDNA in patients at high-risk for developing lung cancer, with
the levels of ctDNA detected correlated with LDCT outcomes (95).
The trial will enroll 25,000 participants deemed at high risk, i.e., at
least 30 pack years of smoking, and if a former smoker, have quit in
the past 15 years: or having a Prostate, Lung, Colorectal and Ovarian
(PLCOmM2012) risk score >1.3% (6-year lung cancer risk).

Non-coding RNA (ncRNA)

Non-coding RNA (ncRNA) is an emerging field in disease
treatment and detection, which has been gaining traction in the
last few years. For a long time, researchers considered ncRNA as
background noise, however recent discoveries have shown that
ncRNA have a significant role in malignancy development.
Currently, there are six main ncRNA classes: MicroRNA
(miRNA), transfer RNA-derived small RNAs (tsRNAs), PIWI-
interacting RNA (piRNAs), long ncRNAs (InRNAs), pseudogenes
and circular RNAs (circRNAs) (99). A summary of these ncRNAs
that are potential biomarkers for NSCLC is summarized in Table 3.

TsRNAs are a group of ncRNAs discovered in the last decade.
They are modified transfer RNAs altered by a still unknown
enzyme, and have been found to regulate mRNA by binding to
its 3’UTR, 5UTR or the reading frame (99). There are reports
that certain tsRNAs are significantly upregulated in different
types of cancer. For instance, ts-46 and ts-47 are associated with
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TABLE 3 | Circulating ncRNA candidates for NSCLC diagnosis.

NcRNA

Description Clinical trials

tRNA-derived small RNA (tsRNA)
Piwi-interacting RNA (piRNA)
Long non-coding RNA (IncRNA)
Pseudogenes

Circular RNA (circRNA)

NcRNAs generated from precursor or mature tRNAs

NcRNA that are 23 to 32 nt in length and generated through a non-Dicer pathway from a single stranded RNA
More than 200 nt and does not have an open reading frame (ORF)

NcRNA that have nucleotide sequence that is similar to another gene but defective

NcRNA with closed loops instead of being a linear form. Known to sequestering miRNA.

Not in clinical trial
Not in clinical trial
NCT03830619

Not in clinical trial
Not in clinical trial

both chronic lymphocytic leukemia and lung cancer (100). In
fact, the over-expression of both ts-46 and ts-47 has been shown
to reduce lung cancer cell line proliferation (100). Due to the
changes in expression during the diseased state, tsSRNA has been
suggested to be used as a minimally invasive cancer biomarker.
In a study by Zhu et al,, tRNA-ValTAC-3, tRNA-GIyTCC-5,
tRNA-ValAAC-5, and tRNA-GluCTC-5 were increased
significantly in plasma-derived exosomes from liver cancer
patients (101). Since very few studies have been performed on
tsRNAs, their precise role in cell biology remains relatively
unknown. Therefore, more studies are essential before its
clinical utility can be determined.

PiRNAs are another group of newly discovered ncRNAs. They
are 24-31 nt in length (102, 103), and are loaded into the PIWI
family of Argonaut proteins, which then silence transposons in the
gonads (99). Since they are mainly expressed in gonadal cells, under
normal circumstances, they are expressed at low levels in somatic
tissues (99, 104). There have been reports that cancer and healthy
blood and tissues have distinct piIRNA signals (105). For example,
piR-823 is highly expressed in serum and urine of a patient with

advanced renal cell carcinoma (103). Like tsRNAs, because of this
change in expression, reports suggest that piRNA may be used as
either a prognostic or diagnostic biomarker. For example, the
expression of piR-1245, from colorectal carcinoma tissue, has
been shown as an independent prognostic biomarker (106).
Interestingly, piRNAs are similar in size and stability with
miRNA, though it is much less well-studied (99). Due to its
incomplete biological understanding, and immature detection
methods, more studies must focus on piRNA before it can
become a biomarker candidate for disease diagnosis.

LncRNA is an emerging field in disease treatment and detection.
Recent research has suggested that IncRNA regulate the development
and apoptosis of cells through various mechanisms, such as; acting as
a decoy, as a signaling molecule, as a guiding transcription factor, or
as a scaffold for genomic DNA histones (107). Similar to miRNA,
IncRNA are relatively stable in body fluids and seem to be tissue-
specific (108). In contrast to miRNA, which can be exocytosed,
IncRNAs are released into the blood when tumor cells undergoes
apoptosis or lysis (108). Similar to miRNA, IncRNA can be potentially
used to detect pathological conditions. For example, detection of
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FIGURE 1 | (A) Current NSCLC screening flowchart (B) Purposed combined screening radiologic imaging with biomarkers. As LDCT is sensitive but unspecific, it
can be used as an initial screening test. If the LDCT is positive, the next step we purposed is to use circulating biomarkers to increase the LDCT’s specificity. If the
LDCT is positive, but the biomarker screen is negative, we purpose to base the decision to perform a tissue biopsy on the clinician’s judgment.
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PCAT?2 has been shown to be a more sensitive and specific marker for
prostate cancer than prostate-specific antigen (PSA) (109). While in
NSCLC, MALAT-1 has been shown to have a sensitivity of 56% and
specificity of 96% for detection (110). LncRNA have complex direct
and indirect regulation and multifocal effects on both mRNA
transcription and protein translation. Thus, more research will be
needed before IncRNA can be used in disease detection and
treatment. Currently, several clinical trials are studying the use of
IncRNA as a prognostic or detection biomarker. Two such clinical
trials are underway, NCT02641847 which studies using IncRNA to
measure triple-negative breast cancer response, and NCT03057171 is
studying the use of IncRNA to detect MALT lymphoma in
the stomach.

Pseudogenes are a subclass of IncRNA transcripts. Their
nucleotide sequence can be very similar to their corresponding
mRNA transcript, which allows miRNAs to bind to it, thus
acting as a miRNA decoy (99). For example, BRAFPI
pseudogene acts as a miRNA decoy for BRAF, thus leading to
an increase in BRAF expression and increased cell proliferation
(111). Due to its relevance in protein expression, there have been
efforts to use it as a diagnostic marker. Kalyana-Sundaram et al.
identified 218 pseudogenes expressed only in cancer but not in
healthy individuals (112). This makes it a strong target for the
development of a multi-panel cancer screening tool. Another
study, in gastric cancer, showed that there were lower levels of
the pseudogene PTENPI compared to healthy individuals, which
when used along with the expression level of two InRNAs (CUDR
and LSINCT-5), have high diagnostic power (113). Pseudogenes
are also being investigated as a prognostic biomarker. Two
distinct clusters of 241 and 205 pseudogenes may be able to
predict survival time in kidney cancer (114). Even though there
are some studies suggesting that pseudogenes may have clinical
significance, it is much less studied than IncRNA. Like many
ncRNAs, more studies need to be performed before they can
become reliable diagnostic and prognostic biomarkers.

CircRNAs are a group of endogenous noncoding RNA with
closed loops instead of the traditional linear form (115). They seem
to closely regulate miRNA expression and function, thus indirectly
affecting miRNA downstream pathways (107). For example, ciRS-7
contains 70 selectively conserved miRNA binding sites and have
been shown to be associated with Argonaute (AGO protein) to act
as a miRNA sponge for miR-138 (116). It has also been reported
that in esophageal squamous cell carcinoma, that the circRNA, cir-
ITCH, serves as a sponge for miR-7, miR-17, and miR-214 (117).
Given that in different cancers, there can be upregulation or
downregulation of circRNA ranging from two to six-fold (118),
this dysregulation can contribute to the dysregulation of miRNA by
upstream regulation.
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