
 

 
 

 

 
J. Pers. Med. 2021, 11, 1225. https://doi.org/10.3390/jpm11111225 www.mdpi.com/journal/jpm 

Article 

Cancer Stem Cell-like Circulating Tumor Cells Are Prognostic 

in Non-Small Cell Lung Cancer 

Eva Obermayr 1,*, Nina Koppensteiner 1, Nicole Heinzl 1, Eva Schuster 1, Barbara Holzer 1, Hannah Fabikan 2, 

Christoph Weinlinger 2, Oliver Illini 2, Maximilian Hochmair 2 and Robert Zeillinger 1 

1 Molecular Oncology Group, Department of Obstetrics and Gynecology, Comprehensive Cancer Center, 

Medical University of Vienna, Waehringer Guertel 18–20, 1090 Vienna, Austria;  

nina.koppensteiner@live.de (N.K.); nicole.heinzl@meduniwien.ac.at (N.H.);  

eva-maria.schuster@meduniwien.ac.at (E.S.); barbara.m.holzer@meduniwien.ac.at (B.H.);  

robert.zeillinger@meduniwien.ac.at (R.Z.) 
2 Department of Respiratory and Critical Care Medicine, Karl Landsteiner Institute of Lung Research and 

Pulmonary Oncology, Klinik Floridsdorf, Bruenner Strasse 68, 1210 Vienna, Austria;  

hannah.fabikan@extern.gesundheitsverbund.at (H.F.);  

Christoph.Weinlinger@extern.gesundheitsverbund.at (C.W.); oliver.illini@gesundheitsverbund.at (O.I.); 

maximilian.hochmair@gesundheitsverbund.at (M.H.) 

* Correspondence: eva.obermayr@muv.ac.at; Tel.: +43-14-0400-78270 

Abstract: Despite recent advances in the treatment of non-small cell lung cancer (NSCLC), less than 10% 

of patients survive the first five years when the disease has already spread at primary diagnosis. Methods: 

Blood samples were taken from 118 NSCLC patients at primary diagnosis or at progression of the disease 

before the start of a new treatment line and enriched for circulating tumor cells (CTCs) by microfluidic 

Parsortix™ (Angle plc, Guildford GU2 7AF, UK) technology. The gene expression of epithelial cancer 

stem cell (CSC), epithelial to mesenchymal (EMT), and lung-related markers was assessed by qPCR, and 

the association of each marker with overall survival (OS) was evaluated using log-rank tests. Results: 

EpCAM was the most prevalent transcript, with 53.7% positive samples at primary diagnosis and 25.6% 

at recurrence. EpCAM and CK19, as well as NANOG, PROM1, TERT, CDH5, FAM83A, and PTHLH 

transcripts, were associated with worse OS. However, only the CSC-specific NANOG and PROM1 were 

related to the outcome both at primary diagnosis (NANOG: HR 3.21, 95%CI 1.02–10.14, p = 0.016; 

PROM1: HR 4.23, 95% CI 0.65–27.56, p = 0.007) and disease progression (NANOG: HR 4.17, 95%CI 0.72–

24.14, p = 0.025; PROM1: HR 4.77, 95% CI 0.29–78.94, p = 0.032). Conclusions: The present study further 

underlines the relevance of the molecular characterization of CTCs. Our multi-marker analysis 

highlighted the prognostic value of cancer stem cell-related transcripts at primary diagnosis and disease 

progression. 

Keywords: non-small cell lung cancer; circulating tumor cells; cancer stem cell; microfluidics; gene 
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1. Introduction 

Lung cancer is the second most common cancer and the leading cause of death 

worldwide. In 2020, 2.2 million new cases were estimated, accounting for 11.4% of all new 

cancer diagnoses [1]. The main histological type is non-small cell lung cancer (NSCLC), 

accounting for about 85% of all lung cancer cases. Despite recent advances in the treatment 

of NSCL, especially due to the identification of targetable driver mutations, the prognosis 

of patients remains poor, with a 5-year relative survival rate of 10–20% across all stages [2]. 

With localized disease, the 5-year survival rate is 63%; when the disease has already spread 

to distant organs, however, just 7% of patients are alive after 5 years [3]. 

A diagnosis of NSCLC is made based upon the pathologic evaluation of cytologic or 

histopathologic specimens. Staging NSCLC by computed tomography and other radiological 
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procedures determines the appropriate therapy, and, when combined with the patient and 

tumor’s unique features, provides valuable prognostic information. The majority of patients 

are diagnosed at an advanced stage and, here, a systemic therapy is the standard of care. For 

patients with early-stage NSCLC, a surgical resection offers the best opportunity for curing; 

however, 30–55% will develop recurrence despite curative resection [4]. In these cases, it has 

been suggested that the presence of a minimal residual disease that remained undetected by 

imaging or of tumor cells that had already detached and entered the blood stream is associated 

with recurrence [5]. Additionally, in advanced disease, the numbers of these circulating tumor 

cells (CTCs) after chemotherapy were reported to reflect subtle metastases and recurrent 

tumors [6]. Overall, metastasis is the main cause of lung cancer-related death [7]. 

In contrast to conventional tissue biopsies or cytological preparations, liquid biopsies 

that contain CTCs and/or circulating tumor DNA (ctDNA) represent a novel approach 

that illuminates the whole molecular profile of a tumor at the time of sampling [8,9]. 

Especially in lung cancer, liquid biopsies may outperform tissue biopsies with respect to 

the tumor’s accessibility at resection. ctDNA is the only approved circulating marker for 

identifying patients amenable for specific treatments and indeed it has become an 

indispensable tool for stratifying NSCLC patients [10]. However, the sensitivity of ctDNA 

platforms can be limited by the small tumor size in early stage disease or after treatment, 

with minimal residual disease and micrometastasis [11]. 

In contrast to ctDNA, CTCs are not routinely assessed in the clinics mainly because 

their scarcity and heterogeneity entail difficult technical requirements. In the age of 

immunotherapy, however, CTCs may offer potentially useful clinical information at the 

cellular level, for example, concerning the analysis of the PD-L1 protein expression before 

treatment as well as during follow-up [12]. Among the plethora of technologies for the 

analysis of CTCs, the CellSearch assay is the only US Food and Drug Administration (FDA)-

approved system for detecting CTCs in cancer patients with metastatic breast, prostate, or 

colorectal cancer. Several studies have shown the prognostic value of CTC counts in NSCLC 

[13] and, beyond enumeration, the presence of the EGFR mutation in CTCs [14,15]. Label-

free technologies, such as the microfluidic Parsortix™ device, were shown to be more 

effective in the isolation of EpCAM-negative subpopulations of CTCs [16,17]. Besides the 

unbiased enrichment of CTCs, this technology is characterized by an outstanding depletion 

of hematopoietic cells [18], which is key for the molecular analysis of multiple gene 

transcripts by qPCR. 

In recent studies, we evaluated the analysis of CTCs using a combined approach 

consisting of the microfluidic enrichment by Parsortix™ and of the qPCR-based detection of 

specific gene transcripts in blood samples from patients with both gynecological malignancies 

[19] and small-cell lung cancer [20]. In the present study, we applied this combination to blood 

samples of NSCLC patients and asked whether, in addition to well-established gene markers 

for epithelial cells (EpCAM and CK19), further markers for ciliated epithelial cells, for the 

epithelial-to-mesenchymal transition (EMT), and for cancer stem cells (CSC) could indicate 

the presence of CTCs and may have prognostic relevance in this type of cancer. 

2. Materials and Methods 

2.1. Patients and Samples 

Blood samples were taken from patients with NSCLC at the Department of 

Respiratory and Critical Care Medicine, Karl Landsteiner Institute of Lung Research and 

Pulmonary Oncology, Klinik Floridsdorf, Vienna, Austria. All samples were taken at 

primary diagnosis or at progression of the disease before the start of a new treatment line. 

Control blood samples were collected from healthy donors without a history of cancer. 

All patients and donors had signed a written informed consent. Eighteen milliliters of 

blood were collected in two Vacuette EDTA tubes (Greiner Bio-One) and processed on the 

same day in accordance with a recently published protocol [19]. In short, the blood was 

diluted with an equal volume of phosphate-buffered saline (PBS) and processed using a 
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Parsortix™ microfluidic cassette (Angle plc.) with a critical step size of 6.5µm at 99 mbar 

pressure. After the separation was completed, the captured cells were harvested and split 

into two equal parts. For subsequent molecular analysis, one part was immediately lysed 

by adding 350 µL of RLT lysis buffer (Qiagen). The lysates were stored at −80° C until 

RNA extraction. The second half was transferred onto poly-lysine-coated glass slides. 

After drying, the slides were stored at −20° C. The study was approved by the Ethics 

Committee of the Medical University of Vienna, Austria (EK366/2003 and EK2266/2018). 

2.2. Spiking Experiments 

NSCLC lines PC−9 and NCI-H1975 were grown in RPMI 1640 (Invitrogen) 

supplemented with 10% fetal bovine serum (Invitrogen) and 1% penicillin-streptomycin-

gentomycin (Invitrogen) in a humidified atmosphere at 37°C and 5% CO2. At about 70% 

confluence, the cells were trypsinized and stained with CellTrace Violet (Invitrogen) 

according to the manufacturer’s protocol. The cell size was assessed using the LUNA-II 

Cell Counter (Logos Biosystems). Subsequently, 100 stained cells were added manually to 

an 18 mL control blood sample, which was then processed using the Parsortix™ 

technology as described above. The efficiency of the Parsortix™ technology to capture 

NSCLC cells was assessed in duplicate spiking experiments (biological replicates) for each 

cell line. After the separation was completed, the separation cassette was manually 

screened for fluorescent cells using a microscope (Olympus BX50) in order to assess the 

microfluidic capture efficiency. Then, the captured cells were harvested, split into two 

equal parts (technical replicates), and lysed for subsequent gene expression analysis. 

Thus, for each cell line, four lysates containing tumor cells were available. 

For each cell line, a different donor blood was used and each donor blood was 

processed in the same way as the spiked sample, albeit with the difference that just one 

lysate was used for the subsequent gene expression analysis. 

2.3. Gene Expression Analysis 

Total RNA was extracted from the cell lysates using the RNeasy Micro Kit (Qiagen) 

without DNase treatment. The total amount of RNA was converted into cDNA using the 

SuperScript VILO Mastermix (Invitrogen). Following a gene-specific pre-amplification, 

qPCR was done in duplicates in a 10 µL total reaction volume using TaqMan™ 

UniversalMastermix II and exon spanning TaqMan™ assays (EpCAM, BPIFA1, FAM83A, 

PTHLH, ERBB3, TWIST1, NANOG, PROM1, MET, UCHL1, TERT, CDH5, and GRP; Life 

Technologies). The qPCR was performed on the ViiA7 Real-Time PCR System with 

standard thermal cycling parameters (50 °C for 2 min; 95 °C for 10 min followed by 40 

cycles at 95 °C for 15 s and 60 °C for 1 min). A qPCR specific for CK19 was performed at 

65°C annealing/extension with forward and reverse primers that corresponded to 

published primer sequences and with a FAM-labeled hydrolysis probe (5′-

TgTCCTgCAgATCgACAACgCCC-3′) [21]. Raw data were analyzed using the ViiA7 

Software v1.1 (Applied Biosystems, Waltham MA, US) with the automatic threshold 

setting and baseline correction. If the fluorescent signal did not reach the threshold in both 

duplicate reactions, the sample was regarded as negative for that respective transcript. 

2.4. Calculation of the Cut-off Threshold Values 

For every marker showing a gene expression background in the healthy donor 

samples, a cut-off threshold value was calculated by adding the twofold standard 

deviation to the mean Ct (cycle threshold) value of these “false-positive” control samples 

[22]. A patient sample was then assigned positive if the Ct value of the respective gene 

marker was beyond that threshold value. For markers showing no background gene 

expression, the threshold value was set at the Ct value of 40.0. To evaluate the prognostic 

significance of each marker, the “optimal” cut point for the Ct value was determined using 

the function “surv_cutpoint” from the R-package Survminer (version 0.4.2), providing a 
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value of a cut point that corresponds to the most significant relation with overall survival 

[23]. Afterwards, these threshold values were designated as “diagnostic cut-off” and 

“prognostic cut-off”. The prognostic cut-off thresholds were calculated for the samples 

taken at primary diagnosis and at disease progression separately. 

2.5. Statistical Analysis 

The capture rates of PC−9 and NCI_H1975-spiked samples were compared using the 

unpaired t-test. To assess whether the gene expression levels of “false-positive” healthy 

donor samples and the patient samples were different, a one-way ANOVA was 

performed. The Pearson’s chi-square test was used to assess the relationship between the 

presence of each gene transcript beyond the diagnostic and prognostic cut-off as well as 

the time of blood drawing. 

Overall survival (OS) was defined as the period of time in months between blood 

draw and either death or the last date the patient was seen alive. Kaplan–Meier survival 

analyses and log-rank tests were used to compare survival outcomes [21]. The Cox 

proportional hazards regression model was used to determine univariate hazards ratios 

(HR) for OS [7]. The statistical analysis was performed with R version 4.1.0 and GraphPad 

Prism version 9.1.2. The level of significance was set at p < 0.05. 

3. Results 

3.1. Patients and Samples 

The characteristics of 118 patients with a histopathological-confirmed diagnosis of 

NSCLC are shown in Table 1. The mean age was 66.4 years and the distribution of gender 

was almost equal. The median pack years of the current and former smokers was 55 (range 

of 30 to 120). The patients were followed for a median of seven (range of 0 to 15) months. 

The TNM stage was only documented in 38 (32%) cases and thus not included in Table 1. 

The blood samples were taken at primary diagnosis in 56.8% of the cases and in 32.8% at 

progression of the disease. In 10.2% of the cases, the time of sampling was not 

documented. 

Table 1. Characteristics of the 118 NSCLC study patients. 

Characteristics n (%) 

Age (years):  

Mean (median) 66.4 (66.0) 

Range 46.0 - 89.0 

Gender:  

Male 60 (50.4) 

Female 59 (49.6) 

Tobacco abuse:  

Current smokers 35 (29.4) 

Former smokers 36 (30.3) 

Never smokers 15 (12.6) 

Unknown 33 (27.7) 

Outcome at study completion:  

Dead 25 (21.0) 

Alive 94 (79.0) 

Blood draw for CTCs:  

At primary diagnosis 67 (56.8) 

At progression/recurrence 39 (32.8) 

Unknown 12 (10.2) 

CTCs circulating tumor cells. 
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3.2. Spiking Experiments 

The efficiency of the microfluidic Parsortix™ system for capturing established 

NSCLC cell lines in a separation cassette, with a critical gap size of 6.5 µm, is shown in 

Figure 1a. PC−9 tumor cells with an average size of 13.3 µm were captured at a mean rate 

of 67% (range of 60–74%) and the larger NCI-H1975 cells (average diameter of 17.4 µm) at 

a mean of 80% (range of 70–90%). However, the unpaired t-test did not indicate a 

significant difference of the respective capture rates. 

The gene expression levels of the selected markers were assessed in all spiked and 

the corresponding healthy donor blood samples after a gene-specific pre-amplification 

step. For each cell line, the molecular analysis was done in both biological replicates; 

furthermore, the analysis of the technical replicates from each biological replicate allowed 

us to evaluate the performance of the molecular analysis itself as well. Figure 1b depicts 

the mean Ct values resulting from all replicates containing PC−9 and NCI-H1975 tumor 

cells and from both replicates of the two healthy donors. As shown in Figure 1b, CDH5, 

CK19, PTHLH, and FAM83A were detected by qPCR in the spiked samples but not in the 

respective unspiked donor blood. GRP and BPIFA1 were detected neither in the spiked 

nor unspiked samples, whereas MET, ERBB3, UCHL1, EpCAM, TERT, PROM1, TWIST1, 

and NANOG were detected in both, albeit at different gene expression levels. 

(a) (b) 

Figure 1. (a) Mean rate of PC−9 and H1975 NSCLC tumor cells captured in the Parsortix™ microfluidic separation cassette 

with a critical step size of 6.5 µm. The lines indicate the range of the capture rates observed in duplicate spiking 

experiments for each cell line (biological replicate); (b) the gene expression analysis of the selected gene markers in 

Parsortix™-enriched blood samples after a target-specific pre-amplification step. The mean Ct values are derived from the 

two healthy donor blood samples and for each cell line from the two biological and technical replicates. A Ct value of 40 

was inserted to visualize undetectable gene expression by qPCR. Lines indicate the range of Ct values within the replicates. 

3.3. Lung Cancer Markers in Controls and NSCLC Blood Samples 

The transcript levels of the selected markers were evaluated further in the enriched 

blood samples from 30 healthy donors and 118 NSCLC patients (Figure 2). The absence of 

the FAM83A, GRP, and BPIFA1 transcripts, as already indicated in the single unspiked 

donor blood, was confirmed in this larger set of control samples. All other transcripts were 

detected in the healthy donor blood samples at varying levels. To assess whether the gene 

expression levels in these “false-positive” donor samples and the patient samples were 

different, we performed a one-way ANOVA. ERBB3 and NANOG gene expression levels 

were significantly higher in both the blood samples taken at primary diagnosis and at 
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progression than in the controls, while increased levels of EpCAM and TWIST1 were 

observed at primary diagnosis only (Figure 2). For TERT, the statistical test was not 

performed because just a single donor blood sample was positive. 

  

 

EpCAM CK19  

   
BPIFA1 FAM83A GRP 

   
ERBB3 NANOG TWIST1 

   
MET UCHL1 PROM1 

 
  

CDH5 TERT PTHLH 

Figure 2. Mean Ct values of all the selected gene markers in the healthy donor blood samples (n = 30) and in the NSCLC 

patient samples taken at both primary diagnosis (n = 67) and progression (n = 39). Absent gene expression levels are 

indicated by symbols corresponding to a Ct value of 40. Significantly different gene expression levels in healthy donor 

blood samples and each group of patient samples are indicated, and the respective p-value (ANOVA) is given. The 
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diagnostic threshold levels are indicated by a dotted blue line. The prognostic thresholds of the primary and progression 

group are indicated by a red and green dashed line, respectively. 

In order to identify patient blood samples with gene expression levels beyond the 

background in healthy donors, a diagnostic threshold value was calculated to infer the 

possible presence of tumor cells from a gene expression above that value. Overall, in 

85/118 (72.0%) of the patient samples and in just 2/30 (6.7%) of the healthy donor samples, 

at least one gene marker was detected beyond that threshold, with significantly more 

positive samples taken at diagnosis than at recurrence (82.1% vs. 53.8%, chi2-test p = 0.002). 

The positivity rates of all transcripts are shown in Table 2 and Figure 3. The same 

threshold value was applied to the 30 healthy control samples to estimate the specificity 

of the approach (Table 2). 

Table 2. Prevalence of gene expression levels beyond the diagnostic threshold in 30 healthy donor blood samples and 118 

NSCLC patients. The absolute and relative numbers of positive findings is given for the total study population and stratified 

by the stage of disease at blood draw (primary diagnosis and progression). The chi2-test was performed to examine the 

relation between marker positivity and stage of disease at time of blood draw (primary diagnosis vs. progressive disease). 

 Threshold Healthy NSCLC 

  
All Donors  

(n = 30) 

All Patients 

(n = 118) 

Primary Diagnosis 

(n = 67) 

Progression 

(n = 39) 
p 

Overall  2 (6.7%) 85 (72.0%) 55 (82.1%) 21 (53.8%) 0.002 

 Epithelial cell-specific 

EpCAM 30.7 0 54 (45.7%) 36 (53.7%) 10 (25.6%) 0.005 

CK19 32.7 0 15 (12.7%) 11 (16.4%) 3 (7.7%) 0.201 

 Ciliated epithelial-cell specific  

BPIFA1 40.0 0 2 (1.7%) 1 (1.5%) 1 (2.6%) 0.696 

 Cancer stem cell-related 

NANOG 22.8 1 (3.3%) 34 (28.8%) 23 (34.3%) 8 (20.5%) 0.132 

PROM1 29.2 1 (3.3%) 16 (13.6%) 10 (14.9%) 4 (10.3%) 0.494 

MET 26.9 0 6 (5.1%) 4 (6.0%) 1 (2.6%) 0.425 

 Cancer-related 

UCHL1 28.5 0 13 (11.0%) 10 (14.9%) 2 (5.1%) 0.125 

GRP 40.0 0 3 (2.5%) 2 (3.0%) 1 (2.6%) 0.883 

TERT 31.0 0 37 (31.4%) 9 (13.4%) 4 (10.3%) 0.631 

CDH5 26.2 0 8 (6.8%) 6 (9.0%) 2 (5.1%) 0.472 

 EMT-related 

FAM83A 40.0 0 23 (19.5%) 16 (23.4%) 4 (10.3%) 0.084 

PTHLH 28.9 0 8 (6.8%) 5 (7.5%) 2 (5.1%) 0.641 

ERBB3 30.9 0 18 (15.3%) 12 (17.9%) 5 (12.8%) 0.491 

TWIST 28.1 0 9 (7.6%) 6 (9.0%) 1 (2.6%) 0.201 

The most frequently detected transcript was EpCAM, with 53.7% and 25.6% positive samples at diagnosis and recurrence, 

respectively (chi2-test p = 0.005, Table 2). A chi-square test of independence was performed to examine the relation between 

EpCAM positivity and disease stage. qPCR-positive samples at primary diagnosis were not more often EpCAM-positive 

than the 21 qPCR-positive samples taken at disease progression (p = 0.155). Similarly, CSC and EMT-related transcripts 

were equally abundant at primary diagnosis and at progression of the disease, as was the total number of positive markers 

above the threshold (primary diagnosis: median 2, range of 1–9 markers; progression: median 1, range of 1–13 markers). 

  



J. Pers. Med. 2021, 11, 1225 8 of 15 
 

 

 

Figure 3. Heat map for transcript-specifics for epithelial cells (Epi), for ciliated epithelial cells in the lung (L), for the 

epithelial-to-mesenchymal transition (EMT), for cancer stem cells (CSC), and for other cancer-related transcripts (C). Red 

squares indicate gene expression beyond the calculated diagnostic threshold level per tested sample. 

3.4. CTC-Related Markers and Patient Outcome 

After stratifying the patients by the previously calculated diagnostic threshold value into 

two groups, NANOG and PROM1 were the only gene markers associated with worse 

outcomes, regardless of whether they were detected in blood samples taken at primary 

diagnosis or at disease progression (Supplementary Table S1). In contrast, FAM83A and 

PTHLH were associated with poor OS only in samples taken at progression (Supplementary 

Table S1). 

However, replacing the diagnostic threshold value by the “optimal” cut point added 

CK19 as a further prognostic marker at primary diagnosis (Figure 4). In samples taken at 

disease progression, EpCAM, ERBB3, TERT, and CDH5 showed prognostic relevance as 

well (Figure 4). While the diagnostic and prognostic thresholds were almost identical for 

PROM1 and NANOG, the prognostic threshold of EpCAM was more stringent than the 

diagnostic threshold. Thus, the percentage of EpCAM-positive samples at diagnosis 

decreased from 53.7% to 26.9% and from 25.6% to 7.7% at progression, at the same 

specificity, with none of the healthy donor samples being false-positives. The same 

phenomenon was observed with CDH5 when a more stringent cut-off resulted in a 

significantly higher risk of death in CDH-positive already progressive patients. The 

difference between the respective diagnostic and prognostic cut-off values of ERBB3 and 

TERT was minimal; nevertheless, the prognostic cut-off was able to identify these markers 

as being prognostic in patients with progressive disease. Table 3 shows the prevalence of 

positive samples and the impact on OS as assessed by univariate Cox regression analysis 

after stratifying the patients by that “optimal” prognostic cut-off value. 

   

CK19 primary diagnosis NANOG primary diagnosis PROM1 primary diagnosis 
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EpCAM progression NANOG progression PROM1 progression  

  
 

TERT progression CDH5 progression FAM83A progression 

  

 

PTHLH progression ERBB3 progression  

Figure 4. Overall survival plots of patients with univariate significant gene expression levels stratified by the prognostic 

threshold determined using the R-package Survminer, providing a value of a cut point that corresponds to the most 

significant relation with overall survival at primary diagnosis and at disease progression. p-values correspond to log-rank 

tests. 
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Table 3. Prevalence of gene expression levels beyond the prognostic cut-off threshold levels as assessed for samples taken 

at primary diagnosis and at progression. The absolute and relative numbers of positive findings beyond these thresholds 

are shown for the healthy donor group and the respective patient group. Univariate Cox hazards for OS are shown for 

both groups of patients, each stratified by the prognostic cut-off threshold values of the respective gene marker.  

 Prognostic Cut-off at Primary Diagnosis Prognostic Cut-off at Disease Progression 

Marker Threshold 
Healthy 

(n = 30) 

Patients 

(n = 67) 
HR 95% CI p Threshold 

Healthy 

(n = 30) 

Patients 

(n = 39) 
HR 95% CI p 

Epithelial cell-specific 

EpCAM 28.9 0 18 (26.9%) 2.58 0.81–8.27 0.056 28.2 0 3 (7.7%) 9.39 0.21–422.74 <0.001 

CK19 37.2 2 30 (44.8%) 2.92 1.04–8.19 0.040 32.6 0 2 (5.1%) 2.03 0.12–33.09 0.480 

Ciliated epithelial cell-specific 

BPIFA1 NA.      NA      

Cancer stem cell-related 

NANOG 22.7 0 22 (32.8%) 3.21 1.02–10.14 0.016 22.6 0 8 (20.5%) 4.17 0.72–24.14 0.025 

PROM1 28.4 0 7 (10.4%) 4.23 0.65–27.56 0.007 28.9 0 4 (10.2%) 4.77 0.29–78.94 0.032 

MET 31.5 2 23 (34.3%) 1.84 0.62–5.44 0.230 31.4 2 12 (30.1%) 3.47 0.49–24.54 0.059 

Cancer-related 

UCHL1 29.5 2 18 (26.9%) 0.43 0.14–1.34 0.250 31.9 6 15 (38.5%) 3.13 0.78–12.51 0.110 

GRP NA.      NA      

TERT 34.0 1 24 (35.8%) 1.62 0.56–4.67 0.350 30.8 0 3 (7.7%) 8.32 0.23–304.78 0.002 

CDH5 31.1 5 39 (58.2%) 0.56 0.20–1.59 0.260 27.5 2 6 (15.3%) 4.00 0.51–30.96 0.037 

EMT-related 

FAM83A 30.2 0 9 (13.4%) 0.37 0.09–1.45 0.310 29.5 0 3 (7.7%) 9.39 0.21–422.74 <0.001 

PTHLH 32.6 3 22 (32.8%) 2.48 0.83–7.36 0.070 34.6 4 16 (41.0%) 5.63 1.31–24.22 0.012 

ERBB3 32.3 3 22 (32.8%) 0.41 0.14–1.16 0.150 30.3 0 3 (7.7%) 9.39 0.21–422.74 <0.001 

TWIST 29.7 0 18 (26.9%) 1.75 0.56–5.42 0.280 31.0 1 12 (30.1%) 2.59 0.44–15.22 0.160 

HR hazard ratio and CI confidence interval. NA threshold values not assessed due to small sample number. 

4. Discussion 

In the present study, we applied a recently established workflow for the molecular 

detection of CTCs enriched with the microfluidic Parsortix™ system [19] to blood samples 

taken from NSCLC patients at primary diagnosis or at progression of the disease. The 

enriched cells were analyzed at the molecular level for the presence of epithelial cell 

lineage-specific markers (EpCAM and CK19), EMT-related markers (FAM83A, PTHLH, 

ERBB3, and TWIST1), CSC-related markers (NANOG, PROM1, and MET), the lung-

specific marker BPIFA1, and the general cancer-related markers UCHL1 and GRP. 

We detected EpCAM transcript levels above the diagnostic threshold in 53.7% of the 

blood samples at primary diagnosis. At the start of a new treatment course, significantly 

fewer EpCAM-positive samples were observed, which, at first glance, seems contradictory 

because one might suggest a higher tumor load at progression. However, NSCLC patients 

are closely monitored and, after an initial response, even a slight increase of tumor burden 

not necessarily associated with an increase of CTC numbers may prompt a new treatment 

line. In any case, only after applying a more stringent prognostic threshold value, EpCAM 

gene expression levels were significantly related with OS in patients with progressive 

disease. Similarly, the application of the R-package Survminer revealed the prognostic 

significance of CK19 at primary diagnosis as well as of other cancer-related (CDH5 and 

TERT) and EMT markers (FAM83A, PTHLH, and ERBB3) at disease progression. Most 

importantly, our study shows the significant prognostic relevance of the CSC-specific 

transcripts NANOG and PROM1 both at primary diagnosis and at disease progression. 

The observed prevalence of epithelial CTCs enriched with the Parsortix™ system is 

in line with Papadaki et al. who found epithelial CTCs by IF-staining following 

enrichment by the same microfluidic system in 60% of NSCLC patients before treatment 

[24]. In addition, our recovery rates for the NCI-H1975 cell line correspond to the values 
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reported by those authors as well as to those evaluated by a multi-center ring trial testing 

several CTC-enrichment technologies including the Parsortix™ system [25]. 

Noticeably, the lack of the prognostic significance of epithelial CTCs in our study and 

in Papadaki’s study is in contrast to the significant association of CTCs, with OS reported 

by the largest clinical study of CellSearch-CTCs in NSCLC to date [26]. Considering the 

fact that in most studies, CTC counts are converted into categorical variables by grouping 

patients into two or more groups, the importance of choosing the optimal cut point for 

categorization cannot be overstated. What applies for CTC numbers [26,27] applies even 

more for gene expression levels. 

In parallel to the molecular analysis using qPCR, we performed an IF-staining of the 

enriched cells in nine representative patients (Supplementary Table S2). Here, CTCs were 

assessed by positive staining of EpCAM and/or cytokeratins (Supplementary Figures S1 and 

S2). In comparing the binary outputs of either methodology, we observed a considerable 

agreement of qPCR and IF, although, in the case of the cytokeratins, we did not target the 

same protein/transcripts by IF (CKs 4/5/6/8/10/13/18) and qPCR (CK19). In our recent study 

comparing IF and qPCR for the detection of CTCs in ovarian cancer patients, we achieved 

just moderate agreement by using a panel of antibodies for IF (including EpCAM) and 

cyclophilin C transcripts for the qPCR-based detection of CTCs [28]. In addition to other 

technical constraints, in that study, the CTCs were enriched using a density gradient 

centrifugation [29], which still leaves an enormous amount of residual leukocytes 

contributing to false-positive results in the control group. All this suggests that, indeed, an 

utmost depletion of contaminating cells is key for the precise detection of CTCs by qPCR at 

least for most of the putative markers. 

In the past, it has been argued that IF, and more specifically the FDA-cleared CellSearch 

technology, can provide a numeric value of CTC counts, which, indeed, has been shown to be 

prognostic in various cancer types. Nevertheless, the advantages of an additional molecular 

characterization using qPCR are manifold, particularly regarding the openness to perform 

high-throughput and multiplex analyses [30], and thus allowing for the testing of promising 

biomarkers in the expanding field of precision oncotherapy in order to select the most 

promising therapeutic strategy for the individual patient based upon the gene expression 

profile of isolated CTCs [31]. Recent examples include—without any claim of completeness—

our own study proving the molecular detection of DLL3 (Delta-like Canonical Notch Ligand 

3), a target of Rova-T in CTCs from small-cell lung cancer patients [20] and other drugs 

targeting DLL3 that are in clinical trials currently; a further study showing the association of 

AR-v7 (androgen receptor splice variant 7) in CTCs and the treatment failure of abiraterone 

and enzalutomide in castration-resistant prostate cancer patients [32]; the CirCe T-DM1 trial 

demonstrating the actionability of HER2-amplified CTCs in HER2-negative metastatic breast 

cancer [33]; and ovarian cancer studies evidencing the ERCC1 in CTCs as a prognostic and 

predictive biomarker [34] for resistance to platinum-based chemotherapy [35,36]. 

NANOG is a homeobox domain transcription factor, which is a key regulator of 

embryonic development and cellular reprogramming [37], and is broadly expressed in 

various cancers [38–40]. Its overexpression was shown to be associated with poor 

prognosis in NSCLC [34,41,42] and, moreover, predicted poor response to platinum 

treatment [41] in this cancer type as well as in ovarian cancer [42]. In CTCs, increased 

NANOG expression was observed in head and neck squamous cell carcinoma patients 

responding to treatment with nivolumab [43]; however, in untreated patients, 

overexpression was not associated with the outcome [44]. The authors explain this 

contradictory finding by stating that blood samples from patients responding to 

nivolumab may be enriched with CSC-like CTCs not diminished by treatment [43]. A 

recent study showed the association of NANOG-positive CTCs with the recurrence of 

hepatocellular carcinoma [45]. Furthermore, NANOG may be clinically relevant in 

monitoring patients treated with a CSC inhibitor, such as Napabucasin (BBI608), whose 

strong anti-CSC effect has already been demonstrated in vitro and in vivo in a broad range 

of cancer types [46]. 
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Besides NANOG, the cell surface molecule PROM1 (also referred to as CD133), a 

widely accepted CSC marker [47], proved to be prognostic in our study. This finding is in 

line with Nel et al. who reported an association of mesenchymal CTCs, an increased ratio 

of CD133+ stem cell-like CTCs to epithelial CTCs, and poor treatment response [48]. 

An unexpected result in our study was the low frequency of BPIFA1-positive 

samples. BPIFA1 (also referred to as PLUNC or LUNX) is reported to be highly specific 

for ciliated alveolar epithelial cells. For this reason and because our own previous whole 

transcriptome studies of healthy donor blood samples indicated the absence of BPIFA1 

transcripts in healthy blood [49], we assumed that BPIFA1 would be an ideal marker for 

lung cancer CTCs. Nonetheless, in the present study, BPIFA1 was observed in just a single 

sample at diagnosis and recurrence. This discrepancy to Katseli et al., who reported 

LUNX-positive CTCs in about one third of the patients [50], and to Li et al., with an even 

two-fold prevalence [51], could be explained by different methodological approaches to 

enrich the CTCs and to detect BPIFA1-specific transcripts. The same authors report the 

presence of PTHLH in 65% of the NSCLC patients [50], while in our study, PTHLH was 

observed in less than 10% of the patients. 

5. Conclusions 

In summary, the present study highlights the prognostic value of the CSC-related 

NANOG and PROM1 transcripts in CTCs enriched by a label-free device from blood 

samples taken from patients with primary or progressive disease. Our findings underline 

the relevance of CTCs other than ctDNA and may strengthen the role of CTCs as an 

additional tool for the clinical management of NSCLC patients. 

Supplementary Materials: The following are available online at 

www.mdpi.com/article/10.3390/jpm11111225/s1, Survival analysis using the diagnostic cut-off 

threshold. Supplementary Table S1: Univariate Cox hazards for the OS of the NSCLC patients 

stratified by the diagnostic cut-off threshold values of each gene marker.; Supplementary Figure S1: 

Image gallery showing CTCs in patient #9 (left panel) and a healthy donor blood sample containing 

both leukocytes (green arrow) and spiked tumor cells (red arrow, right panel). Tumor cells were 

defined as cytokeratin and/or EpCAM-positive (red signal), DAPI-positive (blue signal), and CD45-

negative cells (absence of green signal); Supplementary Table S2: Blood samples of nine patients 

were assessed using both qPCR and IF staining. The absolute counts of EpCAM and/or CK-positive 

and CD45-negative CTCs are shown, as well as the gene expression of EpCAM, CK19, and NANOG 

beyond (1) or below (0) the diagnostic threshold value, and the total number of gene markers 

beyond the same threshold; and Supplementary Figure S2: Swimmer plot of patients with epithelial 

CTCs detected by IF-staining and the presence or absence of NANOG gene expression in the same 

sample. Head-arrows indicate that the patient was still living at study completion and black squares 

indicate that the patient has died. Circles indicate the absolute CTC numbers by IF. The length of 

the bars indicate the overall survival after the blood draw, with checkered bars for patients with 

NANOG gene expression levels beyond the threshold value. 

Author Contributions: Conceptualization, E.O., O.I., M.H., and R.Z.; methodology, N.K., B.H., and 

E.S.; software, N.H.; formal analysis, E.O. and N.K.; investigation, E.O. and N.K.; resources, H.F., 

C.W., O.I., and M.H.; writing—original draft preparation, E.O. and N.K.; writing—review and 

editing, O.I., M.H., and R.Z.; visualization, E.O.; supervision, R.Z.; project administration, E.O. and 

R.Z.; funding acquisition, R.Z. All authors have read and agreed to the published version of the 

manuscript. 

Funding: This study received support in the form of an in-kind contribution of ParsortixTM devices 

and microfluidic separation cassettes (Angle plc, Guildford GU2 7AF, UK). 

Institutional Review Board Statement: The study was conducted according to the guidelines of the 

Declaration of Helsinki and was approved by the Ethics Committee of the Medical University of 

Vienna (EK366/2003 and EK2266/2018). 

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study. 

Data Availability Statement: The data presented in the study are available upon request from the 

corresponding author. 



J. Pers. Med. 2021, 11, 1225 13 of 15 
 

 

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the 

design of the study; in the collection, analyses, or interpretation of data; in the writing of the 

manuscript, or in the decision to publish the results. 

References 

1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN 

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 10.3322/caac.21660, 

doi:10.3322/caac.21660. 

2. Allemani, C.; Matsuda, T.; Di Carlo, V.; Harewood, R.; Matz, M.; Niksic, M.; Bonaventure, A.; Valkov, M.; Johnson, C.J.; Esteve, 

J., et al. Global surveillance of trends in cancer survival 2000-14 (CONCORD-3): analysis of individual records for 37 513 025 

patients diagnosed with one of 18 cancers from 322 population-based registries in 71 countries. Lancet 2018, 391, 1023–1075, 

doi:10.1016/S0140-6736(17)33326-3. 

3. Howlader, N.; Noone, A.M.; Krapcho, M.F.; Miller, D.; A., B.; Yu, M.; Ruhl, J.; Tatalovich, Z.; Mariotto, A.; Lewis, D.R., et al. 

SEER Cancer Statistics Review, 1975-2017. Availabe online: https://seer.cancer.gov/csr/1975_2017/ (accessed on 2021-10-01). 

4. Carnio, S.; Novello, S.; Papotti, M.; Loiacono, M.; Scagliotti, G.V. Prognostic and predictive biomarkers in early stage non-small 

cell lung cancer: tumor based approaches including gene signatures. Transl. Lung Cancer Res. 2013, 2, 372–381, 

doi:10.3978/j.issn.2218-6751.2013.10.05. 

5. Uramoto, H.; Tanaka, F. Recurrence after surgery in patients with NSCLC. Transl. Lung Cancer Res. 2014, 3, 242–249, 

doi:10.3978/j.issn.2218-6751.2013.12.05. 

6. Horton, C.E.; Kamal, M.; Leslie, M.; Zhang, R.; Tanaka, T.; Razaq, M. Circulating Tumor Cells Accurately Predicting Progressive 

Disease After Treatment in a Patient with Non-small Cell Lung Cancer Showing Response on Scans. Anticancer Res. 2018, 38, 

1073–1076, doi:10.21873/anticanres.12325. 

7. Nichols, L.; Saunders, R.; Knollmann, F.D. Causes of death of patients with lung cancer. Arch. Pathol. Lab. Med. 2012, 136, 1552–

1557, doi:10.5858/arpa.2011-0521-OA. 

8. Kuhn, P.; Bethel, K. A fluid biopsy as investigating technology for the fluid phase of solid tumors. Phys. Biol. 2012, 9, 010301, 

doi:10.1088/1478-3975/9/1/010301. 

9. Alberter, B.; Klein, C.A.; Polzer, B. Single-cell analysis of CTCs with diagnostic precision: opportunities and challenges for 

personalized medicine. Expert. Rev. Mol. Diagn. 2016, 16, 25–38, doi:10.1586/14737159.2016.1121099. 

10. Arbour, K.C.; Riely, G.J. Systemic Therapy for Locally Advanced and Metastatic Non-Small Cell Lung Cancer: A Review. JAMA 

2019, 322, 764–774, doi:10.1001/jama.2019.11058. 

11. Abbosh, C.; Birkbak, N.J.; Wilson, G.A.; Jamal-Hanjani, M.; Constantin, T.; Salari, R.; Le Quesne, J.; Moore, D.A.; Veeriah, S.; 

Rosenthal, R., et al. Corrigendum: Phylogenetic ctDNA analysis depicts early-stage lung cancer evolution. Nature 2018, 554, 264, 

doi:10.1038/nature25161. 

12. Nicolazzo, C.; Raimondi, C.; Mancini, M.; Caponnetto, S.; Gradilone, A.; Gandini, O.; Mastromartino, M.; Del Bene, G.; Prete, 

A.; Longo, F., et al. Monitoring PD-L1 positive circulating tumor cells in non-small cell lung cancer patients treated with the 

PD-1 inhibitor Nivolumab. Sci. Rep. 2016, 6, 31726, doi:10.1038/srep31726. 

13. Syrigos, K.; Fiste, O.; Charpidou, A.; Grapsa, D. Circulating tumor cells count as a predictor of survival in lung cancer. Crit. Rev. 

Oncol. Hematol. 2018, 125, 60–68, doi:10.1016/j.critrevonc.2018.03.004. 

14. 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, 

doi:10.1056/NEJMoa0800668. 

15. Zhang, Q.; Nong, J.; Wang, J.; Yan, Z.; Yi, L.; Gao, X.; Liu, Z.; Zhang, H.; Zhang, S. Isolation of circulating tumor cells and 

detection of EGFR mutations in patients with non-small-cell lung cancer. Oncol. Lett. 2019, 17, 3799–3807, 

doi:10.3892/ol.2019.10016. 

16. Chudziak, J.; Burt, D.J.; Mohan, S.; Rothwell, D.G.; Mesquita, B.; Antonello, J.; Dalby, S.; Ayub, M.; Priest, L.; Carter, L., et al. 

Clinical evaluation of a novel microfluidic device for epitope-independent enrichment of circulating tumour cells in patients 

with small cell lung cancer. Analyst 2016, 141, 669–678, doi:10.1039/c5an02156a. 

17. Janning, M.; Kobus, F.; Babayan, A.; Wikman, H.; Velthaus, J.L.; Bergmann, S.; Schatz, S.; Falk, M.; Berger, L.A.; Bottcher, L.M., 

et al. Determination of PD-L1 Expression in Circulating Tumor Cells of NSCLC Patients and Correlation with Response to PD-

1/PD-L1 Inhibitors. Cancers 2019, 11, doi:10.3390/cancers11060835. 

18. Miller, M.C.; Robinson, P.S.; Wagner, C.; O'Shannessy, D.J. The Parsortix Cell Separation System-A versatile liquid biopsy 

platform. Cytometry A 2018, 93, 1234–1239, doi:10.1002/cyto.a.23571. 

19. Obermayr, E.; Maritschnegg, E.; Agreiter, C.; Pecha, N.; Speiser, P.; Helmy-Bader, S.; Danzinger, S.; Krainer, M.; Singer, C.; 

Zeillinger, R. Efficient leukocyte depletion by a novel microfluidic platform enables the molecular detection and 

characterization of circulating tumor cells. Oncotarget 2018, 9, 812–823, doi:10.18632/oncotarget.22549. 

20. Obermayr, E.; Agreiter, C.; Schuster, E.; Fabikan, H.; Weinlinger, C.; Baluchova, K.; Hamilton, G.; Hochmair, M.; Zeillinger, R. 

Molecular Characterization of Circulating Tumor Cells Enriched by A Microfluidic Platform in Patients with Small-Cell Lung 

Cancer. Cells 2019, 8, doi:10.3390/cells8080880. 



J. Pers. Med. 2021, 11, 1225 14 of 15 
 

 

21. Stathopoulou, A.; Ntoulia, M.; Perraki, M.; Apostolaki, S.; Mavroudis, D.; Malamos, N.; Georgoulias, V.; Lianidou, E.S. A highly 

specific real-time RT-PCR method for the quantitative determination of CK-19 mRNA positive cells in peripheral blood of 

patients with operable breast cancer. Int. J. Cancer 2006, 119, 1654–1659, doi:10.1002/ijc.22017. 

22. Mikhitarian, K.; Martin, R.H.; Ruppel, M.B.; Gillanders, W.E.; Hoda, R.; Schutte del, H.; Callahan, K.; Mitas, M.; Cole, D.J. 

Detection of mammaglobin mRNA in peripheral blood is associated with high grade breast cancer: interim results of a 

prospective cohort study. BMC Cancer 2008, 8, 55, doi:10.1186/1471-2407-8-55. 

23. Kassambara, A.; Kosinski, M.; Przemyslaw, B.; Scheipl, F. Survminer: Drawing Survival Curves Using “ggplot2.”. Availabe 

online: https://cran.r-project.org/package=survminer (accessed on 2021-09-01). 

24. Papadaki, M.A.; Sotiriou, A.I.; Vasilopoulou, C.; Filika, M.; Aggouraki, D.; Tsoulfas, P.G.; Apostolopoulou, C.A.; Rounis, K.; 

Mavroudis, D.; Agelaki, S. Optimization of the Enrichment of Circulating Tumor Cells for Downstream Phenotypic Analysis in 

Patients with Non-Small Cell Lung Cancer Treated with Anti-PD-1 Immunotherapy. Cancers 2020, 12, 

doi:10.3390/cancers12061556. 

25. Neves, R.P.L.; Ammerlaan, W.; Andree, K.C.; Bender, S.; Cayrefourcq, L.; Driemel, C.; Koch, C.; Luetke-Eversloh, M.V.; Oulhen, 

M.; Rossi, E., et al. Proficiency Testing to Assess Technical Performance for CTC-Processing and Detection Methods in 

CANCER-ID. Clin. Chem. 2021, 67, 631–641, doi:10.1093/clinchem/hvaa322. 

26. Lindsay, C.R.; Blackhall, F.H.; Carmel, A.; Fernandez-Gutierrez, F.; Gazzaniga, P.; Groen, H.J.M.; Hiltermann, T.J.N.; Krebs, 

M.G.; Loges, S.; Lopez-Lopez, R., et al. EPAC-lung: pooled analysis of circulating tumour cells in advanced non-small cell lung 

cancer. Eur. J. Cancer 2019, 117, 60–68, doi:10.1016/j.ejca.2019.04.019. 

27. Papadaki, M.A.; Messaritakis, I.; Fiste, O.; Souglakos, J.; Politaki, E.; Kotsakis, A.; Georgoulias, V.; Mavroudis, D.; Agelaki, S. 

Assessment of the Efficacy and Clinical Utility of Different Circulating Tumor Cell (CTC) Detection Assays in Patients with 

Chemotherapy-Naive Advanced or Metastatic Non-Small Cell Lung Cancer (NSCLC). Int. J. Mol. Sci. 2021, 22, 

doi:10.3390/ijms22020925. 

28. Obermayr, E.; Reiner, A.; Brandt, B.; Braicu, E.I.; Reinthaller, A.; Loverix, L.; Concin, N.; Woelber, L.; Mahner, S.; Sehouli, J., et 

al. The Long-Term Prognostic Significance of Circulating Tumor Cells in Ovarian Cancer-A Study of the OVCAD Consortium. 

Cancers 2021, 13, doi:10.3390/cancers13112613. 

29. Obermayr, E.; Castillo-Tong, D.C.; Pils, D.; Speiser, P.; Braicu, I.; Van Gorp, T.; Mahner, S.; Sehouli, J.; Vergote, I.; Zeillinger, R. 

Molecular characterization of circulating tumor cells in patients with ovarian cancer improves their prognostic significance - A 

study of the OVCAD consortium. Gynecol. Oncol. 2013, 128, 15–21, doi:10.1016/j.ygyno.2012.09.02130S0090-8258(12)00777-9 [pii]. 

30. Markou, A.; Lazaridou, M.; Paraskevopoulos, P.; Chen, S.; Swierczewska, M.; Budna, J.; Kuske, A.; Gorges, T.M.; Joosse, S.A.; 

Kroneis, T., et al. Multiplex Gene Expression Profiling of In Vivo Isolated Circulating Tumor Cells in High-Risk Prostate Cancer 

Patients. Clin. Chem. 2018, 64, 297–306, doi:10.1373/clinchem.2017.275503. 

31. Guadagni, S.; Clementi, M.; Masedu, F.; Fiorentini, G.; Sarti, D.; Deraco, M.; Kusamura, S.; Papasotiriou, I.; Apostolou, P.; 

Aigner, K.R., et al. A Pilot Study of the Predictive Potential of Chemosensitivity and Gene Expression Assays Using Circulating 

Tumour Cells from Patients with Recurrent Ovarian Cancer. Int. J. Mol. Sci. 2020, 21, doi:10.3390/ijms21134813. 

32. Antonarakis, E.S.; Lu, C.; Luber, B.; Wang, H.; Chen, Y.; Zhu, Y.; Silberstein, J.L.; Taylor, M.N.; Maughan, B.L.; Denmeade, S.R., 

et al. Clinical Significance of Androgen Receptor Splice Variant-7 mRNA Detection in Circulating Tumor Cells of Men With 

Metastatic Castration-Resistant Prostate Cancer Treated With First- and Second-Line Abiraterone and Enzalutamide. J. Clin. 

Oncol. 2017, 35, 2149–2156, doi:10.1200/JCO.2016.70.1961. 

33. Jacot, W.; Cottu, P.; Berger, F.; Dubot, C.; Venat-Bouvet, L.; Lortholary, A.; Bourgeois, H.; Bollet, M.; Servent, V.; Luporsi, E., et 

al. Actionability of HER2-amplified circulating tumor cells in HER2-negative metastatic breast cancer: the CirCe T-DM1 trial. 

Breast Cancer Res. 2019, 21, 121, doi:10.1186/s13058-019-1215-z. 

34. Park, E.; Park, S.Y.; Sun, P.L.; Jin, Y.; Kim, J.E.; Jheon, S.; Kim, K.; Lee, C.T.; Kim, H.; Chung, J.H. Prognostic significance of stem 

cell-related marker expression and its correlation with histologic subtypes in lung adenocarcinoma. Oncotarget 2016, 7, 42502–

42512, doi:10.18632/oncotarget.9894. 

35. Chebouti, I.; Kuhlmann, J.D.; Buderath, P.; Weber, S.; Wimberger, P.; Bokeloh, Y.; Hauch, S.; Kimmig, R.; Kasimir-Bauer, S. 

ERCC1-expressing circulating tumor cells as a potential diagnostic tool for monitoring response to platinum-based 

chemotherapy and for predicting post-therapeutic outcome of ovarian cancer. Oncotarget 2017, 8, 24303–24313, 

doi:10.18632/oncotarget.13286. 

36. Kuhlmann, J.D.; Wimberger, P.; Bankfalvi, A.; Keller, T.; Scholer, S.; Aktas, B.; Buderath, P.; Hauch, S.; Otterbach, F.; Kimmig, 

R., et al. ERCC1-positive circulating tumor cells in the blood of ovarian cancer patients as a predictive biomarker for platinum 

resistance. Clin. Chem. 2014, 60, 1282–1289, doi:10.1373/clinchem.2014.224808. 

37. Jeter, C.R.; Yang, T.; Wang, J.; Chao, H.P.; Tang, D.G. Concise Review: NANOG in Cancer Stem Cells and Tumor Development: 

An Update and Outstanding Questions. Stem Cells 2015, 33, 2381–2390, doi:10.1002/stem.2007. 

38. Yin, X.; Li, Y.W.; Zhang, B.H.; Ren, Z.G.; Qiu, S.J.; Yi, Y.; Fan, J. Coexpression of stemness factors Oct4 and Nanog predict liver 

resection. Ann. Surg. Oncol. 2012, 19, 2877–2887, doi:10.1245/s10434-012-2314-6. 

39. Meng, H.M.; Zheng, P.; Wang, X.Y.; Liu, C.; Sui, H.M.; Wu, S.J.; Zhou, J.; Ding, Y.Q.; Li, J. Over-expression of Nanog predicts 

tumor progression and poor prognosis in colorectal cancer. Cancer Biol. Ther. 2010, 9, 295–302, doi:10.4161/cbt.9.4.10666. 

40. Lu, Y.; Zhu, H.; Shan, H.; Lu, J.; Chang, X.; Li, X.; Lu, J.; Fan, X.; Zhu, S.; Wang, Y., et al. Knockdown of Oct4 and Nanog 

expression inhibits the stemness of pancreatic cancer cells. Cancer Lett. 2013, 340, 113–123, doi:10.1016/j.canlet.2013.07.009. 



J. Pers. Med. 2021, 11, 1225 15 of 15 
 

 

41. Chang, B.; Park, M.J.; Choi, S.I.; In, K.H.; Kim, C.H.; Lee, S.H. NANOG as an adverse predictive marker in advanced non-small 

cell lung cancer treated with platinum-based chemotherapy. OncoTargets Ther. 2017, 10, 4625–4633, doi:10.2147/OTT.S144895. 

42. Ling, K.; Jiang, L.; Liang, S.; Kwong, J.; Yang, L.; Li, Y.; PingYin; Deng, Q.; Liang, Z. Nanog interaction with the androgen 

receptor signaling axis induce ovarian cancer stem cell regulation: studies based on the CRISPR/Cas9 system. J. Ovarian Res. 

2018, 11, 36, doi:10.1186/s13048-018-0403-2. 

43. Tada, H.; Takahashi, H.; Kawabata-Iwakawa, R.; Nagata, Y.; Uchida, M.; Shino, M.; Ida, S.; Mito, I.; Matsuyama, T.; Chikamatsu, 

K. Molecular phenotypes of circulating tumor cells and efficacy of nivolumab treatment in patients with head and neck 

squamous cell carcinoma. Sci. Rep. 2020, 10, 21573, doi:10.1038/s41598-020-78741-0. 

44. Tada, H.; Takahashi, H.; Kuwabara-Yokobori, Y.; Shino, M.; Chikamatsu, K. Molecular profiling of circulating tumor cells 

predicts clinical outcome in head and neck squamous cell carcinoma. Oral Oncol. 2020, 102, 104558, 

doi:10.1016/j.oraloncology.2019.104558. 

45. Lei, Y.; Wang, X.; Sun, H.; Fu, Y.; Tian, Y.; Yang, L.; Wang, J.; Xia, F. Association of Preoperative NANOG-Positive Circulating 

Tumor Cell Levels With Recurrence of Hepatocellular Carcinoma. Front. Oncol. 2021, 11, 601668, doi:10.3389/fonc.2021.601668. 

46. Li, Y.; Rogoff, H.A.; Keates, S.; Gao, Y.; Murikipudi, S.; Mikule, K.; Leggett, D.; Li, W.; Pardee, A.B.; Li, C.J. Suppression of cancer 

relapse and metastasis by inhibiting cancer stemness. Proc. Natl. Acad. Sci. USA 2015, 112, 1839–1844, 

doi:10.1073/pnas.1424171112. 

47. Barzegar Behrooz, A.; Syahir, A.; Ahmad, S. CD133: beyond a cancer stem cell biomarker. J. Drug Target. 2019, 27, 257–269, 

doi:10.1080/1061186X.2018.1479756. 

48. Nel, I.; Jehn, U.; Gauler, T.; Hoffmann, A.C. Individual profiling of circulating tumor cell composition in patients with non-

small cell lung cancer receiving platinum based treatment. Transl. Lung Cancer Res. 2014, 3, 100–106, doi:10.3978/j.issn.2218-

6751.2014.03.05. 

49. Obermayr, E.; Sanchez-Cabo, F.; Tea, M.K.; Singer, C.F.; Krainer, M.; Fischer, M.B.; Sehouli, J.; Reinthaller, A.; Horvat, R.; 

Heinze, G., et al. Assessment of a six gene panel for the molecular detection of circulating tumor cells in the blood of female 

cancer patients. BMC Cancer 2010, 10, 666, doi:10.1186/1471-2407-10-666. 

50. Katseli, A.; Maragos, H.; Nezos, A.; Syrigos, K.; Koutsilieris, M. Multiplex PCR-based detection of circulating tumor cells in 

lung cancer patients using CK19, PTHrP, and LUNX specific primers. Clin. Lung Cancer 2013, 14, 513–520, 

doi:10.1016/j.cllc.2013.04.007. 

51. Li, J.; Shi, S.B.; Shi, W.L.; Wang, Y.; Yu, L.C.; Zhu, L.R.; Ge, L.P. LUNX mRNA-positive cells at different time points predict 

prognosis in patients with surgically resected nonsmall cell lung cancer. Transl. Res. 2014, 163, 27–35, 

doi:10.1016/j.trsl.2013.09.010. 


