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Abstract

Background: As the heterogeneity of CTCs is becoming increasingly better understood, it is
clear that identifying particular subtypes of CTCs would be more relevant.

Methods: We detected folate receptor (FR)-positive circulating tumor cells (FR*-CTCs) by a
novel ligand-targeted polymerase chain reaction (LT-PCR) detection technique.

Results: In the none-dynamic study, FR*-CTC levels of patients with lung cancer were significantly
higher than controls (patients with benign lung diseases and healthy controls). With a threshold of
8.7 CTC units, FR*-CTC showed a sensitivity of 77.7% and specificity of 89.5% in the diagnosis of
lung cancer. When compared with established clinical biomarkers including carcinoembryonic
antigen (CEA), cytokeratin 19 fragment (CYFRA2I-1), and neuron-specific enolase (NSE),
FR*-CTC showed the highest diagnostic efficiency. Notably, the combination of FR*-CTC, CEA,
NSE, and CYFRAZ2I1-1 could significantly improve the diagnostic efficacy in differentiating patients
with lung cancer from benign lung disease. In our dynamic surveillance study, the CTC levels of 62
non-small cell lung cancer (NSCLC) patients decreased significantly after tumor resection.

Conclusion: We established a LT-PCR-based FR*-CTC detection platform for patients with lung
cancer that exhibits high sensitivity and specificity. This platform would be clinical useful in lung
cancer diagnosis and treatment response assessment.
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Introduction

methods [2].
Circulating tumor cells (CTCs) were first

Lung cancer is the primary cause of
cancer-related death worldwide [1]. The majority of

lung cancers are detected at an advanced stage in
which treatments have limited efficacy and survival
rates are dismally low. Therefore, detection and
diagnosis of lung cancer at an early stage has the
possibility of significantly reducing mortality with a
greater chance of cure, which underscores the need
for more effective, sensitive, and specific detection

observed from patients with metastatic malignancies
more than 100 years ago [3]; however, it was not until
the past few years that the clinical and research
potential of CTCs became widely recognized. Studies
have demonstrated that CTCs are important potential
biomarkers for diagnosis, evaluation of treatment,
and prognosis in several cancers including lung
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cancer [4]. More recently, accurate CTC detection has
become increasingly important, especially when there
is difficulty in obtaining sufficient tissue for diagnosis
and molecular characterization in metastatic cancer.
While many challenges still exist, the detection of
CTCs in blood is becoming increasingly feasible. To
date, the majority of studies have employed the
CellSearch™ System (Veridex LLC, Huntingdon
Valley, PA, USA) which is a semi-automated system
for CTC quantification by employing magnetic beads
coated with anti-epithelial cell adhesion molecule

(EpCAM) antibodies. Other techniques involve
EpCAM  antibody-coated  microporous chips,
microporous polycarbonate filters, and PCR.

However, methods based on EpCAM analysis have
shown limitations in detecting CTCs in patients
without or low epithelial characteristics [5-7]. Besides,
CTC isolation by size may inadvertently omit cells
less than 8 pm, thus requires further validation before
clinical use [7]. Reverse transcriptase polymerase
chain reaction (RT-PCR) can detect CTCs with high
sensitivity  [8]. However,  post-transcriptional
regulation that deregulates gene expression has been
identified in numerous cancer cells [9], and it alters
gene expression through modification of mRNA
stability and/or transcriptional efficiency; thus
protein content may possibly not correlate with
mRNA levels.

Folate receptors (FRs) are cell-surface
glycoproteins that are highly expressed in many
cancers including, lung and ovarian cancer [10,11].
Our previous study showed promising clinical
significance quantification of FR*-CTCs by a novel
ligand-targeted polymerase chain reaction (LT-PCR)
method [12]. Building on that previous study and in
order to evaluate the efficacy and feasibility of
FR+-CTC detection method, we conducted this large
scale, prospective, single-center clinical trial.

Materials and Methods

Patients

From October 2013 to April 2014, we recruited
368 participants into this prospective, single-center
clinical trial conducted at Shanghai Chest Hospital,
Shanghai Jiaotong University, China. Among these
patients, 197 patients with lung cancer, 119 patients
with benign lung diseases and 52 healthy controls
were enrolled in our none-dynamic study. In
addition, 62 NSCLC patients among the 197 lung
cancer patients who underwent surgical treatment
were enrolled for our dynamic surveillance study.
Lung cancer was defined on the basis of pathologic
diagnosis, computed tomography (CT) scan, and
laboratory examination according to the guidelines

set forth by the National Comprehensive Cancer
Network (NCCN). Benign lung diseases included
pneumonia, tuberculosis, bronchiectasis or
pneumothorax. The Research Ethics Committee of
Shanghai Chest Hospital approved the clinical trial
and an informed consent was obtained from each
participant prior to study entry. The registration
number of the clinical trial named “FR*-CTC detection
in lung cancer patients” is LS1308.

CTC preparation and FA-oligonucleotide
conjugation

CTC  analysis was  performed  using
CytoploRare® circulating lung cancer cell kit
provided by GenoSaber Biotech Co. Ltd. (Shanghai,
China), as previously described [12]. We collected 3
ml of peripheral blood into EDTA-containing
anticoagulant tubes from all study participants before
treatment. Peripheral blood specimens were stored in
4-8°C and analyzed within 24 h.

Following the manufacturer’s instruction
manual, CTCs were enriched by lysis of erythrocytes
and immuno-magnetic depletion of leukocytes. The
enriched CTCs were incubated with 10 pl of labeling
buffer that contained conjugates of a tumor-specific
ligand, folic acid, and a synthesized oligonucleotide
for 40 minutes at room temperature. Next, the
unbound conjugates were washed off using 1 mL
wash buffer and the cells were centrifuged at 500 rpm
for 10 minutes at 4°C. The  specific
ligand-oligonucleotide conjugates were removed with
120 pL stripping buffer for 2 minutes at 4°C, collected
by centrifugation, and neutralized by 24 pl of
neutralization buffer for further RT-PCR analysis.

FR*-CTC LT-PCR

In the phase of PCR analysis, the specific
conjugate was first annealed and extended on the RT
primer before amplification. Then the extended
conjugate was analyzed using a Tagman probe based
on quantitative PCR method on ABI StepOne™
system (Life technologies). The primer sequences
were listed as follows: reverse transcription (RT)
primer (an oligonucleotide that is conjugated to the
tumor-specific ~ ligand  folic  acid), 5 -
CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTT

GAG- GGITCTAA - 3; forward primer,
5-TATGATTATGAGGCATGA-3"; reverse primer,
5'-GGTGTCGTGGAGTCG-3'; TagMan probe,

5'-FAM-CAGTTGAGGGTTC-MGB-3'. The following
reaction conditions were used on the ABI StepOne™
instrument: denaturation at 95°C for 2 minutes,
annealing at 40°C for 30 seconds, extension at 72°C for
30 seconds, and then cooling at 8°C for 5 minutes; 40
cycles of denaturation at 95°C for 10 seconds,
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annealing at 35°C for 30 seconds, and extension at
72°C for 10 seconds.

In this study, we used a self-defined CTC unit,
which was the number of CTCs detected in 3 ml
blood, thus one CTC unit represented one CTC in 3 ml
blood. A serial of standards containing
oligonucleotides (10714 to 10~ M, corresponding to 2
to 2 x 105 CTC units/3 mL blood) are used for CTC
quantification. All patient samples were tested in
duplicates with six standards and three quality
controls.

Clinical Tumor Biomarker Analysis

Three milliliters of peripheral blood of all
enrolled patients were withdrawn into coagulant
tubes. After centrifuging at 800-1000 rpm for 10 min,
the serum was collected for analysis of tumor markers
(CEA, CYFRA21-1, NSE) by chemiluminescence
method (Abbott Laboratories).

Statistical Analysis

Statistical analysis was performed using SPAA
18.0 software (SPSS Inc., Chicago, IL) or Prism 5.0
(GraphPad Software Inc., San Diego, CA). Wilcoxon
test and Kruskal-Wallis test were used for comparison
between groups, as appropriate. A receiver operating
characteristics (ROC) curve was used to determine the
threshold of specificity and sensitivity, and the area
under the curves (AUC) was calculated for each
index.

Results

Patient characteristics

We recruited 368 participants into this
prospective, single-center clinical trial (Figure 1).
Among these patients, 197 patients with lung cancer,
119 patients with benign lung diseases and 52 healthy
controls were enrolled in our none-dynamic study
(Table S1). In addition, 62 NSCLC patients among the
197 lung cancer patients who underwent surgical
treatment were enrolled for our dynamic surveillance
study. The clinical characteristics of the patients are
presented in Table S2.

Diagnostic value of FR*-CTC in patients with
lung cancer

To investigate the diagnostic value of FR*-CTC,
we compared CTC levels in patients with lung cancer,
benign lung diseases and healthy donors. As shown
in Figure 2A, the CTC levels in lung cancer patients
(median 11.97 CTC units) was significantly higher
than benign lung disease patients (median 6.72 CTC

units, p<0.0001) and healthy donors (5.82 CTC units,
p<0.0001). However, there was no significant
difference between the two control groups (p =
0.4355). The diagnostic value of FR*-CTCs in lung
cancer patients was evaluated, and the area under
curve (AUC) for FR-positive CTCs in discriminating
between patients with lung cancer and the other two
groups was 0.8607 (Figure 2B). According to the ROC
analysis, the cut-off threshold between control group
(benign patients and healthy volunteers) and the lung
cancer group was 8.7 CTC units, with a sensitivity of
77.7% and specificity of 89.5%. When compared with
existing clinical biomarkers (CEA, CYFRA21-1, NSE),
as shown in Table 1, the FR*-CTC detection method
displayed the highest AUC and could satisfactorily
discriminate lung cancer patients from benign lung
disease and healthy controls. Notably, the
combination of FR*-CTC, CEA, NSE, and CYFRA21-1
significantly improved the diagnostic efficacy in
differentiating patients with lung cancer from the
other two groups (Figure 2C), implying that a
multi-marker strategy integrating FR*-CTC levels
with established tumor markers might be more
effective for clinical lung cancer diagnosis.

Non-dynamic Study
368 patients were enrolled for
FR'-CTC detection

Lung cancer 197 Benign lung diseases Healthy donors
NSCLC 162 119 52

SCLC 26

Others 9

Dynamic Surveillance Study
62 NSCLC who underwent surgical
operations were enrolled for FR+-
CTC detection

Figure 1. Distribution of patients enrolled in the study.

Table 1. Comparison of FR*-CTC with Established Tumor
Biomarkers.

Lung cancer vs. benign disease AUC (95%CI)

FR*-CTC 0.7956 (0.7205-0.8708)
CEA 0.6289 (0.5371-0.7208)
NSE 0.5090 (0.4120-0.6061)
CYFRA21-1 0.5507 (0.4551-0.6462)

CEA+NSE+CYFRA21-1
CEA+NSE+CYFRA21-1+ FR*-CTC

0.6495 (0.5583-0.7406)
0.8267 (0.7601-0.8933)
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Figure 2. Diagnostic value of FR*-CTCs in patients with lung cancer. (A) FR*-CTC levels in patients with lung cancer, benign lung disease and healthy controls. (B)
ROC curve for FR*-CTC in discriminating patients with lung cancer from patients with benign lung disease and healthy controls. (C) ROC curve for FR*-CTC
combined with tumor marker in discriminating patients with lung cancer from patients with benign lung disease and healthy controls.
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Figure 3. Association of FR*-CTC with TNM stage and histopathologic subtypes of lung cancer patients. (A) The FR*-CTC level in lung cancer patients with different
TNM stages. (B) The FR*-CTC level between patients with NSCLC and SCLC. NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer. (C) The FR*-CTC
level between patients with ADC and SCC. ADC, adenocarcinoma; SCC, squamous cell carcinoma.

Association of FR*-CTC with TNM stage and
histopathologic subtypes of lung cancer
patients

We next examined whether FR*-CTCs could
stratify TNM stages and histopathologic subtypes.
Lung cancer stages were based on the seventh edition
of the American Joint Committee on Cancer (AJCC)
staging manual [13]. The CTC levels in patients with
stage IV lung cancer were significantly higher than
those with stage I and II lung cancer (p = 0.0002) and
stage III lung cancer (p = 0.0084), while there was no
significant difference among CTC levels in patients
with stage I, II and III (p = 0.3113; Figure 3A). In
assessing whether FR*-CTC could discern between

NSCLC and SCLC, the median levels in 162 NSCLC
patients, (median 11.90) were not significantly
different from the 26 SCLC patients (median 11.93) (p
= 0.7502, Figure 3B). Additionally, we did not find a
significant difference in FR*-CTC levels in patients
with adenocarcinoma (ADC) and squamous cell
carcinoma (SCC) (p = 0.6145, Figure 3C).

In a more detailed analysis, we investigated the
diagnostic efficiency of FR*-CTC in different
histological subtypes and pathological stages of lung
cancer. As shown in Table 2, the diagnostic sensitivity
for patients with stage I-IV lung cancer was 69.8%
(60/86), 72.2% (13/18), 80.0% (32/40), and 90.6%
(48/53), respectively. In regard to the different
histological subtypes of lung cancer, the diagnostic

http://www.jcancer.org



Journal of Cancer 2017, Vol. 8

108

sensitivity of the method for NSCLC and SCLC
patients was 77.2% (125/162) and 80.8% (21/26),
respectively.

These results suggested that patients with
localized disease and those with metastatic lung
cancer have distinct levels of CTC; however, the
expression of folate receptor might be similar across
all histological subtypes of lung cancer.

Dynamic changes of FR*-CTC in patients with
resectable NSCLC

In a dynamic surveillance study, 62 NSCLC
patients with CTC levels higher than 8.5 Units/3 ml
before surgery were recruited to investigate the
changes of FR*-CTCs during the peri-operative
period. Blood samples were collected before and
seven days after surgery (median 5.46 FR*-CTC
Units/3ml for post-surgery; 12 FR*-CTC Units/3 ml
for pre-surgery). As shown in Figure 4A and 4B,
compared with pre-surgery, FR*-CTC load decreased
significantly after resection (96.77% wvs. 19.35%,
p<0.0001). Among these patients, 48 patients with
FR*-CTCs positive before resection achieved a
negative status seven days after operation, 12 patients
were still FR*-CTC positive, and two patients with

FR*-CTCs negative before resection remained
negative.
Discussion

Although CTCs were first observed more than
100 years ago, their clinical significance has only
recently become widely recognized. Quantification
and characterization of CTCs may serve as a surrogate
diagnostic test that could constitute a “liquid biopsy”
and provide real-time information about the patient’s
disease state [14,15]. Technology that can reliably
identify CTCs in peripheral blood is becoming
increasingly available. CellSearch™ System (Veridex
LLC, Huntingdon Valley, PA, USA) has been by far
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the most commonly used method, and is the only
technique thus far approved for routine use in the
clinical setting by the FDA [16-18]. A recent method of
CTC detection is “CTC-Chip” has been investigated
for use in lung, prostate, pancreatic, breast, and colon
cancer, and has been shown to reliably detect CTCs in
99% of patients with metastatic disease with a purity
of approximately 50% [19]. Isolation of tumor cells by
size is a non-immunological based, cytometric CTC
isolation technique which has been used successfully
to identify CTCs in a number of cancers such as
breast, hepatocellular carcinoma, and NSCLC [20-22].
Though widely wused, the antigen-dependent
immunological techniques may sacrifice sensitivity
for the sake of specificity and wvice wversa for
non-immunological techniques. The heterogeneity of
CTCs is becoming increasingly better understood and
it is clear that identifying particular subtypes of CTCs
would be more relevant.

Table 2. Diagnostic Efficiency of FR+-CTC in Lung Cancer
Histopathologic Subtype.

Characteristics 28.70 FR+-CTC <8.70 FR*-CTC Units/3

Units/3 mL mL
NO. % NO. %
Lung cancer (n =197) 153 77.7 44 223
TNM stage
I(n=286) 60 69.8 26 30.2
II (n=18) 13 72.2 5 27.8
IIT (n = 40) 32 80 8 20
[+II+IIT (n = 144) 105 72.9 39 27.1
IV (n = 53) 48 90.6 5 9.4
Histopathologic subtype
NSCLC (n =162) 125 77.2 37 22.8
ADC (n=115) 88 76.5 27 23.5
SCC (n = 28) 20 71.4 8 28.6
Others of NSCLC (n=19) 17 89.5 2 10.5
SCLC (n = 26) 21 80.8 5 19.2
Others of lung cancer (n= 7 77.8 2 222
9)
Benign diseases (n=119) 14 118 105 88.2
Healthy donors (n = 52) 4 7.7 48 92.3
Figure 4. Dynamic
#Z# negative  changes of FR*-CTC in
Positive  patients with resectable
NSCLC. Dynamic
changes of FR*-CTC level
in  patients  receiving
curative resection.
FR*-CTC positive rates of
patients before and after
curative resection.
L3200 BU 657

Pre-surgery Post-surgery

Pre-surgery

Post-surgery
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The folate receptor (FR), a cell-surface receptor
glycoprotein, which is highly expressed in a variety of
cancers, especially in ovarian and lung cancers, has
become an important potential drug target for
patients with NSCLC [10,23]. Although FR has been
identified in some normal tissues, including kidney,
spleen and lung, no cells expressing FR have been
identified in the circulatory system except for CTCs or
activated monocytes [10,24,25]. Preliminary studies
found that these activated monocytes subpopulation
is barely detectable in blood samples from healthy
donors or patients with benign disease [24,25].
Besides, FR expression is also found in tumor
activated macrophages (TAMs) [27], and our previous
study demonstrated that the depletion mechanism
using anti-CD45 magnetic beads was sufficient to
remove the impact of TAMs on CTC counts [12]. A
study found that FR expression was upregulated in
about 75.7% of patients with NSCLC [28], therefore,
FR may be a potential target for detecting CTCs in
patient with lung cancers.

Our previous small sample study showed
promising clinical value of detecting FR*-CTC by a
novel ligand-targeted polymerase chain reaction
(LT-PCR) method in NSCLC patients [12]. LT-PCRis a
sensitive, rapid, and cost-effective technique for
molecular identification of CTC. The major drawback
of this method is the relatively high false-positive rate
due to contamination with leukocytes, which can be
reduced by effective pre-enrichment of CTC. In order
to validate our previous data and evaluate the
feasibility of LT-PCR FR*-CTC detection method in
the diagnosis of lung cancer, we conducted this large
scale, prospective, clinical trial. We found that
FR*-CTC levels were significantly higher in 197
patients with lung cancer compared with 119 patients
with benign lung disease and 52 healthy donors
(p<0.0001, Figure 2A). Using the marker of FR, our
platform showed a significant diagnostic performance
in discrimination between patients with lung cancer,
patients with benign lung disease and healthy donors
with an AUC of 0.8607 and a sensitivity of 77.7% and
specificity of 89.5% (Figure 2B). In clinical practice,
plasma tumor markers CEA, NSE, and CYFRA21-1
were used to help diagnose and surveil treatment
efficiency of lung cancer. Comparing with these
plasma tumor markers, FR*-CTC detection showed
the highest AUC in the diagnosis of lung cancer
(Table 1). Notably, the combination of FR*-CTC, CEA,
NSE, and CYFRA21-1 could significantly improve the
diagnostic efficacy in differentiating patients with
lung cancer from benign lung disease (Figure 2C),
implying that a multi-marker strategy integrating
CTC levels with tumor markers might be a more
effective method for clinical lung cancer diagnosis.

Moreover, our data also demonstrated the clinical
significance of FR*-CTC detection by our LT-PCR
platform for surveillance of treatment efficiency in
patients with NSCLC treated with surgery (Figure 4A,
4B).

Studies on CTC detection in NSCLC previously
identified a correlation between disease stages and
CTC numbers [7], and our results also found that the
CTC levels in patients with stage IV lung cancer were
significantly higher than those with stage I and II lung
cancer (p = 0.0002) and stage Il lung cancer (p =
0.0084), while there was no significant difference
among CTC levels in patients with stage I, I and III (p
= 0.3113; Figure 3A). Although, previous studies
demonstrated that the FR expression was much lower
in SCC than in ADC in primary tumors [7,10,28,29],
our results showed no significant difference of
FR+*-CTC levels between patients with SCC and
NSCLC (p = 0.6145, Figure 3B), partly because gene
expression between primary tumors and CTC
samples is often different [30], as previously
demonstrated in breast cancer [31].

In this large-scale, prospective clinical trial, we
established a LT-PCR-based FR*-CTC detection
platform for patients with lung cancer that exhibits
high sensitivity and specificity. Our results indicate
that FR*-CTC detected by this platform would be
clinically useful in lung cancer diagnosis and
treatment response assessment. Further investigation
on the prognostic value of CTC levels detected by
LT-PCR is required.

Supplementary Material

Supplementary tables.
http:/ /www.jcancer.org/v08p0104s1.pdf
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