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Abstract

Early detection of metastasis can be aided by circulating tumor cells (CTCs), which also show 

potential to predict early relapse. Due to the limited CTC numbers in peripheral blood in early 

stages, we investigated CTCs in pulmonary vein blood accessed during surgical resection of 

tumors. Pulmonary vein (PV) and peripheral vein (Pe) blood specimens from patients with lung 

cancer were drawn during the perioperative period and assessed for CTC burden using a 

microfluidic device. From 108 blood samples analyzed from 36 patients, PV had significantly 

higher number of CTCs compared to pre-operative Pe (p<0.0001) and intra-operative Pe (p<0.001) 

blood. CTC clusters with large number of CTCs were observed in 50% of patients, with PV often 

revealing larger clusters. Long term surveillance indicated that presence of clusters in pre-

operative Pe blood predicted a trend toward poor prognosis. Gene expression analysis by RT-qPCR 

revealed enrichment of p53 signaling and extracellular matrix involvement in PV and Pe samples. 

Ki67 expression was detected in 62.5% of PV samples and 59.2% of Pe samples, with the majority 

(72.7%) of patients positive for Ki67 expression in PV having single CTCs as opposed to clusters. 

Gene ontology analysis revealed enrichment of cell migration and immune-related pathways in 

CTC clusters, suggesting survival advantage of clusters in circulation. Clusters display 

characteristics of therapeutic resistance, indicating the aggressive nature of these cells. Thus, 
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CTCs isolated from early stages of lung cancer are predictive of poor prognosis and can be 

interrogated to determine biomarkers predictive of recurrence.
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Introduction

Circulating tumor cells (CTCs) and cell-free DNA are emerging as promising tools for rapid, 

convenient and less-invasive screens for detecting and monitoring a patient’s cancer (1). 

CTCs play an important role in metastasis, which accounts for majority of cancer deaths (2–

5). These cells can provide useful prognostic information and can also be utilized to make 

therapeutic decisions in clinical cancer management (2,4,6–8). The biology of CTCs have 

been explored extensively mostly in advanced stages of cancer wherein their typically 

greater numbers enables useful downstream analysis (9). Such studies in early stages have 

been limited by the low number of these cells (10). In order to understand early events and 

the role of CTCs in initiation of the metastatic cascade, it is essential to understand 

phenotypic and genotypic characteristics of CTCs in earlier stages of cancer.

Lung cancer, the leading cause of cancer-related deaths across the world (2,11–13), provides 

a potential model to study the utility of CTCs, which may be used toward disease screening. 

The disease has a poor survival rate of 5% for stage IV disease with the dismal survival rate 

attributed to the lack of early detection (12). The high incidence and pressing need to 

improve survival calls for improved early diagnostic tools. Assessing CTCs can offer 

repeated monitoring of patients, a useful way of observing patients for relapse after resection 

(14). In this study, we aimed at identifying specific characteristics of CTCs in patients 

undergoing surgery for early stage lung cancer. However, their rarity in the bloodstream (few 

CTCs among millions of blood cells) required alternate strategies for sequestering them to 

better examine their biological potential (6,15).

In order to overcome the limitation of the low frequency of CTCs, we decided to study these 

cells when enriched near their origin, i.e. from the pulmonary vein of the affected lobe 

which can be accessed at the time of tumor resection. There have been few studies 

documenting the presence of CTCs in the pulmonary veins of patients with lung cancer 

(16,17). One study showed that the presence of CTCs in the pulmonary vein indicated a poor 

prognosis relative to those with an absence of CTCs in the tumor draining vein (17). Also, 

the pulmonary vein shows a significantly high number of CTCs relative to that obtained 

through conventional peripheral vein methods (16,18). The higher yields obtained from the 

PV offers a useful strategy to study CTCs and their role in tumor progression. While a few 

studies have investigated the pulmonary vein as a potential source of increased CTCs 

(16,17,19–22), most of these studies utilized the CellSearch EpCAM-based platform, 

negative selection and/or centrifugation for enriching PV CTCs. This study is to our 

knowledge, novel in the following aspects: (a). None of the previous studies examined the 

differences in characteristics of CTCs from these different sources, especially at a genetic 
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level, (b). In our study, CTCs were examined at multiple (≥ 2) time-points around surgical 

resection; this comparison of different time-points during the perioperative period would 

presumably indicate actual differences in CTCs obtained from different sources, (c). CTCs 

were isolated from the pulmonary and peripheral veins using microfluidics, a more sensitive 

platform for CTC detection (1) with the incorporation of multiple antibodies to capture 

diverse CTC populations, (d). Patients were monitored longitudinally to study the CTC 

changes from resection to follow-up, and (e). Gene expression profiling by RT-qPCR for 96 

genes revealed differentially expressed genes between the different CTC sources. We thus 

hypothesized that PV CTCs will offer a useful strategy for obtaining higher CTC yields from 

early stage lung cancer where peripheral CTCs might be inadequate; furthermore, CTCs 

from the pulmonary vein may provide molecular markers of invasion and metastasis that 

could inform surveillance biomarkers during follow-up to detect early recurrence and 

metastasis.

Materials and Methods

Microfluidic isolation of CTCs using OncoBean Chip

The OncoBean Chip, a previously reported microfluidic device for CTC capture (23), was 

utilized for CTC isolation in the present study. The OncoBean Chip is a high-throughput 

device, with a radial flow profile that enables high capture even at high flow rates (Figure 

S1). The device gave a mean capture yield >80% with lung cancer cell line H1650 spiked 

into blood even when operated at a throughput of 10 ml/hr. The device was also tested at 

different flow rates from 1 – 10 ml/hr and showed efficient capture at high flow rates 

compared to the standard flow rate of 1 ml/hr. Clinical specimens were also analyzed to test 

the clinical efficacy of the OncoBean Chip (23).

Patient Demographics

The study was conducted according to the Declaration of Helsinki, Belmont Report and U.S. 

Common Rule guidelines, and was approved by an Institutional Review Board (IRB). 

Informed consent was obtained from patients. Patients with surgically resectable (clinical 

stage I-III) lung cancer were enrolled into the study at the time of surgery. Thirty-six patients 

underwent surgery (NSCLC=35, SCLC=1) (Table S1). Among NSCLC group, there were 20 

patients with adenocarcinoma and 15 with squamous cell lung cancer. When broken down 

by pathologic stage, among the NSCLC patients, 19 patients were stage I, 7 were stage II 

and 8 were stage III. One patient was found to have stage IV disease, with metastatic disease 

found 3 weeks after surgery. The median age of patients was 70 years, and the population 

consisted of 15 males and 21 females.

Isolation of pulmonary and peripheral vein CTCs from early stage lung cancer patients

Blood specimens were processed through the OncoBean Chip at a flow rate of 5 ml/hr, using 

combinations of antibodies against Epithelial Cell Adhesion Molecule (EpCAM), Epidermal 

Growth Factor Receptor (EGFR), and CD133. Previously described protocol for blood 

sample processing (6,23) was followed with a few modifications. Briefly, following antibody 

incubation, the devices were blocked with 3% bovine serum albumin (BSA). An average of 

4.3, 4.0 and 2.0 ml of Pre-op Pe, Intra-op Pe and Intra-op PV blood was processed for CTC 
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analysis through each device. Blood was processed through the device at 5 ml/hr followed 

by washing with phosphate buffered saline (PBS). After washing, the cells captured on the 

device were fixed with 4% paraformaldehyde (PFA) for enumeration. Devices were stored at 

4 °C until immunostaining was performed.

Immunofluorescent staining was performed by first permeabilizing the cells with 0.2% 

Triton-X 100, followed by blocking with 3% BSA + 2% normal goat serum. Primary 

antibodies Cytokeratin 7/8 and CD45 and secondary antibodies Alexa Fluor 546 and Alexa 

Fluor 488 respectively were used to identify the cells.

CTC Identification and Analysis

Cells captured on the device were stained for Cytokeratin (CK) 7/8, CD45 and DAPI. The 

devices were automatically imaged by Nikon Ti Eclipse fluorescence microscope. CTCs 

were counted based on positive staining for CK and DAPI and negative staining for CD45.

Other Immunocytochemistry

Devices containing CTC clusters and pre-stained for enumeration were additionally stained 

for anti-CD44 and visualized by Alexa Fluor 647. Positive staining among CTCs was 

identified by CK7/8+, CD44+, CD45− and DAPI+.

Statistical Analysis for CTC enumeration

Statistical analyses were performed using OriginPro, SAS, and R (24). Enumerated CTCs 

from peripheral and pulmonary veins were compared by the Wilcoxon Signed Rank test for 

each pair of sources. CTC clusters were also analyzed by the Wilcoxon test. Significance is 

determined if p<0.05. Progression-free survival was estimated using the Kaplan-Meier 

method and compared using the log-rank test.

RNA extraction and RT-qPCR

RNA was extracted from 51 pulmonary and peripheral vein CTC enriched samples. For 

RNA extraction, the captured cells were lysed on chip immediately after PBS wash using 

Arcturus PicoPure RNA Extraction buffer. The lysate and the device were incubated at 

42 °C for 30 min, followed by a wash with water and collection of effluent. All effluents 

were stored at -80°C until RNA analysis. The second effluent collected was processed to 

isolate RNA for cDNA synthesis and multiplex gene expression analysis. The total RNA 

samples were used to synthesize cDNA that were preamplified for the target 96 genes using 

a pool of TaqMan assays. Then the preamplified cDNA were subjected to qPCR to 

determine expression patterns of target 96 genes forming a “comprehensive CTC panel” 

using TaqMan assays and the Biomark HD instrument (Fluidigm).

Gene expression data analysis

Raw Ct values generated by Biomark HD (Fluidigm) were normalized to GAPDH for each 

sample using the -ΔCt method (25,26). Undetected transcripts automatically generate a Ct 

value of 999, which were changed to Ct of 40 for numerical analyses (25,26). Statistical 

analysis was performed using R software (24). Wilcoxon rank sum tests were used to 

calculate differential expression between PV and Pe groups, or between Clusters and Single 
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CTCs groups. Samples containing more than 50% of their CTCs in clusters of any size, 

and/or samples consisting of clusters with >=5 or >=10 CTCs within them were considered 

as ‘Cluster’, while other samples were considered as ‘Single’. Samples containing 0 CTCs 

by enumeration were discarded from the analysis of Cluster vs Single CTCs. Log2 fold 

change was calculated from median expression (2-ΔCt) values for each group of samples 

relative to the respective comparison group. Heatmaps were generated using the heatmap.2 
function under the gplots library of R. The p-values generated by the Wilcoxon rank sum 

tests, and the log2FC from median expression values were input into a pathway analysis 

software, IPathwayGuide (AdvaitaBio). For PV versus Pe gene expression comparisons, a 

log2FC cut-off of 2.0 and p-value cut-off of 0.05 was used. For pathway analysis of Clusters 

and Single CTC categories, log2FC cut-off of 0.3 and p-value cut-off of 0.05 was used to 

determine differentially expressed genes.

DNA isolation and mutational analysis

DNA was extracted from fixed (samples M1, M4) and fresh (samples M2, M3) patient 

samples using the Arcturus PicoPure DNA Extraction Kit. Manufacturer’s protocols were 

adapted and modified for microfluidic extraction. Extracted DNA was concentrated using 

the Cleanup Protocol of the QiAmp DNA Micro Kit (Qiagen). All DNA samples, with the 

exception of sample M4-pulmonary, were amplified using the REPLI-g UltraFast Mini Kit 

(Qiagen) for whole genome amplification. Sample M4-pulmonary was used for mutational 

analysis without amplification. DNA quality and quantity were measured using TapeStation 

Genomic Tape (DNA Sequencing Core, University of Michigan). Mutations were detected 

using the qBiomarker Somatic Mutation PCR Array: Human Lung Cancer (Qiagen/

SABiosciences) in the 384-well format (96x4) and the ABI 7900HT (384-well Fast Block). 

The average Ct method was used for analysis of mutations as per manufacturer 

recommended template.

Results

Strategy for CTC analysis

Pre-operative peripheral (Pre-op Pe) blood was collected 0-2 hours prior to surgery. During 

the initial phases of the operation, the pulmonary vein branches draining the cancer 

containing lobe of the lung were identified (Figure 1). Blood was drawn from the pulmonary 

vein (Intra-op PV) via a 25-gauge needle early in the operation, prior to significant lung or 

tumor manipulation. Simultaneously, blood was drawn from a peripheral vein or arterial line 

(Intra-op Pe). Finally, a post-operative peripheral (Post-op Pe) blood draw was performed 

within 1-3 days of surgery. Follow-up blood was drawn via a peripheral vein at the time of 

follow-up visits. Blood specimens were collected in EDTA tubes and processed on the same 

day for CTC analysis.

Whole blood samples from patients and healthy donors (Figure S2) were processed using a 

high-throughput radial flow microfluidic device, the OncoBean Chip (23) at a flow rate of 5 

ml/hr, using different combinations of antibodies against Epithelial Cell Adhesion Molecule 

(EpCAM), Epidermal Growth Factor Receptor (EGFR) and CD133.
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CTC burden in different venous sources

Captured cells were enumerated by immunostaining for Cytokeratin (CK) 7/8 and CD45, in 

addition to DAPI. Cells positive for Cytokeratin 7/8 and DAPI, and negative for leukocyte 

specific marker CD45 were scored as CTCs (Figure 2A). Since PV blood volumes were 

most often limited to 3 ml, CTC numbers are reported per 3 ml. From 36 patients analyzed, 

CTCs were detected in the pre-op peripheral (pre-op Pe), intra-op peripheral (intra-op Pe) 

and intra-op pulmonary vein (intra-op PV) in 77.8%, 69.4% and 83.3% of patients 

respectively. The range of detected CTCs in the pre-op Pe varied from 0–15 CTCs per 3 ml, 

with a median of 1.5 CTCs per 3 ml. The intra-op Pe had a detection range of 0–28.5 CTCs 

per 3 ml with a median count of 1.3 CTCs per 3 ml. The intra-op PV specimens showed 

CTCs in the range of 0–10,278 per 3 ml, with a median of 7.5 CTCs per 3 ml (Figure 2B). 

Microfluidic capture confirmed that a significantly higher number of CTCs were detected 

from the PV when compared to the pre-op (p <0.0001) and intra-op (p<0.001) Pe samples, 

as determined by the Wilcoxon Signed Rank test (Figure 2C). The pre-op and intra-op Pe 

samples did not show a significant difference in CTC numbers (p = 0.34).

CTC cluster analysis

CTC clusters have been detected in a few cancers, and studies indicate that they have a 

greater capability to metastasize (27). CTC clusters, defined here as groups of 2 or more 

CTCs captured within close proximity of each other were observed in large numbers in the 

pulmonary vein of one patient (P5) early on in our study, which led to further investigation 

of these aggregates in subsequent samples in the different blood sources. CTC clusters were 

detected in 52.7% of the 36 patients irrespective of the blood source (Figure 2D). Among 

patients with observed clusters (19/36), the average volumes of blood processed were 3.5 ml 

of pre-op Pe, 3.3 ml of intra-op Pe and 1.8 ml of PV. Clusters in PV were observed in 13/36 

(36.1%) patients, while 6/36 (16.6%) and 8/36 (22.2%) patients had clusters in pre-op and 

intra-op Pe samples respectively, with 6 patients having clusters in multiple time-points 

(Figure 2E). Representative immunofluorescence staining images of clusters are shown in 

Figure 2F.

The clusters in PV varied in size from 2 CTCs to >200 CTCs, while those in either Pe group 

ranged from 2-9 CTCs. A total of 9 clusters (range 0–3) were observed in pre-op Pe, 22 

clusters (range 0–6) were detected in intra-op Pe, and 1116 clusters (range 0–885) in PV 

were observed among all patients. Of these, 593 (53.1%) of PV clusters consisted of >= 5 

CTCs, and 319 (28.6%) of these clusters were comprised of >=10 CTCs. Examples of 

different CTC cluster sizes are shown in Figure 3A. A distribution of the clusters segregated 

by their size is also shown in Figure 3B. With the exception of patient P9, the peripheral 

blood yielded small clusters (<5 CTCs), while the PV had a heterogeneous size distribution 

of captured CTC clusters in 7/13 samples (Figure 3B). In the 36 patient samples in which 

clusters of CTCs were found (n=19), the number of CTCs in clusters compared to the total 

number of CTCs present as both clusters and single cells was analyzed. The PV showed a 

higher median percentage of clustered CTCs to total CTCs when compared to pre-op Pe and 

intra-op Pe. The PV also showed capture of bigger clusters than the two peripheral sources 

(p<0.05) for clusters with ≥5CTCs and for clusters with ≥10CTCs, whereas no difference 

was observed among the peripheral sources. Intriguingly, the number of clusters with >5 or 
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>10 CTCs showed an increasing trend with the disease stage, although statistical 

significance was not observed due to the small sample size (Figure S3). However, the 

percentage of CTCs in clusters in pre-op peripheral blood were significantly associated with 

stage (p=0.0061 by Kruskal Wallis test). Moreover, patients with CTC clusters in the Pre-op 

Pe blood showed a trend towards lower progression free survival (PFS) than those patients 

without clusters (p= 0.1058 by log-rank test), indicating the potential clinical relevance of 

CTC clusters even in early stage lung cancer (Figure 3C).

Monitoring of patients with CTC clusters

CTC clusters have been shown to be associated with poor prognosis (20,27). It is also 

believed that the cells within clusters can escape cell death (28). Considering their 

prognostic significance and their ability to survive, we sought to monitor patients with 

detectable perioperative CTC clusters. The objective was to examine if the CTC numbers in 

the peripheral vein during follow-up were associated with the presence of clusters or by 

higher numbers of CTCs in the PV at the time of resection. For 12 patients, 6 had >1 follow-

up time-points, and the median duration at the time of follow-up blood draw was 10 months, 

with a range of 2-26 months. Original analysis had revealed that 4 of these patients had 

clusters with >10CTCs, one patient had clusters with >5CTCs, 7 patients had clusters of 

2-5CTCs evident in their PV, pre-op Pe or intra-op Pe. Figure 4 represents CTCs per 3 ml 

from the peripheral vein at pre-op, intra-op and post-op Pe time intervals in addition to the 

follow-up longitudinal time-point(s). CTCs per 3 ml from the PV are also shown for each 

patient. 7/12 (58.3%) patients had persistent CTCs (>2 CTCs per 3 ml) at their last follow-

up time point, and 9/12 (75%) patients had persistent CTCs at any long-term time-point. 

Interestingly, 6/9 (66.7%) patients with at least 50% CTCs found in clusters in any blood 

source had persistent CTCs at last follow-up. Surveillance data collected indicated that out 

of 9 patients in our overall 36 patient cohort who were positive for recurrence, 6 patients had 

CTC clusters in one or more of their blood sources.

mRNA expression profiling of captured CTCs

The PV and Pe as sources of CTCs demonstrated macroscopic differences in enumerated 

CTCs and populations of cells captured (single or clusters). In order to compare genotypic 

differences, we examined the CTCs at the transcript level using Fluidigm Biomark HD 

system to perform quantitative RT-PCR for a 96 gene “comprehensive CTC panel”. We first 

analyzed 26 samples (13 PV and 13 Pe) for gene expression. Three housekeeping genes 

GAPDH, RAB7A and HPRT1 were used as reference. While HPRT1 was detected 

inconsistently among the samples, GAPDH and RAB7A showed similar detection levels as 

evaluated by Ct values (Figure S4) among the 26 samples, and GAPDH was chosen as the 

reference for normalization. An additional set of 25 patient samples was added to the cohort, 

amounting to a total of 51 samples (24 PV and 27 Pe) for RNA analysis. After normalization 

to GAPDH using the ΔCt method (25,26), the gene expression patterns for PV and Pe 

specimens were compared (Figure S5). Figure 5 shows a clustering heat map of expression 

levels of genes among PV and Pe samples. The PV and Pe specimens did not segregate by 

unsupervised clustering, suggesting similarities in gene expression signatures. The genes 

that are expressed in both sources include mesenchymal genes namely TGFβ1, VIM 
(Vimentin) and CD44, oncogenes including PIK3CA, MAPK1, and BRAF, extracellular 
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matrix (ECM) related genes such as ANXA2, SPARC, metastasis genes including MMP9, 

TIMP1, TIMP2, apoptotic genes such as MCL1, and inflammatory or cytokine related genes 

such as CXCR1, IL6R and IL8. The PV and Pe samples also showed significant differential 

expression of 7 genes (p<0.05) including TTF-1, EMP2 (epithelial membrane protein 2), 

COL3A1 and CCDC80 (extracellular matrix related) (29), TP53, KRAS and MS4A1 
(p<0.05). The fold changes are indicated in Figure S6. The significantly differentially 

expressed genes with a log2FC greater than 2 were used to analyze enriched pathways in the 

PV compared to Pe samples. Pathway analysis (IPathwayGuide, Advaita Bio) revealed 

enrichment of ‘p53 signaling pathway’ (p=0.0012) and ‘cell cycle’ (p=0.0016) (Table S2). 

Representative hematoxylin and eosin staining of adenocarcinoma and squamous tumors, 

and immunohistochemical staining of tissues for p53 are shown in Figure S7. Furthermore, 

gene ontology analysis revealed enrichment of terms such as ‘positive regulation of cell-

substrate adhesion’ (p=0.009), ‘cell-substrate adhesion’ (p=0.01), ‘integrin-mediated 

signaling pathway’ (p=0.019) and ‘regulation of cell-substrate adhesion’ (p=0.03) (Table 

S3), suggesting the involvement of adhesion molecules and extracellular matrix in the 

dissemination of CTCs, as expected (27,29). Additionally, ‘Ras protein signal transduction’ 

was also an enriched GO term (p=0.04), again implicating cell migration and adhesion, and 

cell malignancy (30,31). The strong Cytokeratin staining of PV CTCs, and the higher 

expression of the epithelial gene EMP2 (p=0.02), combined with positive staining of anti-

CD44, an EMT-related marker (32), in some of the PV clusters (Figure S8) also suggests the 

presence of an intermediate phenotype (expressing both epithelial and mesenchymal 

markers) of cells within the pulmonary vein CTCs.

mRNA analysis performed according to the presentation of CTCs detected in the sample in 

single or clustered form, also revealed differential expression of 5 genes (p<0.05) between 

CTC clusters (n=13 samples) and single CTCs (n=27 samples). These genes included ESR1, 

PTPRC, IL6, RAB7A, and MAPK1. Figure 6A shows the log2 fold change of the median 

expression in each group of the above genes. Pathway analysis of differentially expressed 

genes (Figure S9) revealed upregulation of pathways such as ‘cytokine-cytokine receptor 

interaction’ (p=0.002), ‘IL-17 signaling pathway’ (p=0.013), ‘TNF signaling pathway’ 

(p=0.021), ‘Jak-STAT signaling pathway’ (p=0.036) suggesting activation of immune 

mechanisms in the clusters (Figure 6B). The ‘EGFR tyrosine kinase inhibitor resistance’ 

pathway was also highly significant (p=0.02), supporting the speculation that clusters are 

capable of contributing to drug resistance by either staying dormant, or by evading immune-

activated cell death (33,34). ‘HIF-1 signaling pathway’ further corroborates this conjecture, 

since hypoxia is known to arm tumor cells with the ability to resist treatment (35,36). The 

clusters were also enriched for gene ontology terms relating to cell motility and locomotion, 

in addition to immune regulation, suggestive of their high migratory and cell survival 

capabilities (Figure 6C).

Upon further analysis, it was revealed that Ki67, a proliferation marker, was expressed in 

15/24 (62.5%) PV samples, and 16/27 (59.2%) Pe samples (Figure S10). It was also notable 

that Ki67 expression was not detected in any of the healthy controls (n=4). Interestingly, in 

the comparison of clusters and single CTCs, 8 out of 11 (72.7%) PV samples positive for 

Ki67 expression had single CTCs detected, while 57.1% of the clusters were negative for 

Ki67 expression (Figure S11). This is consistent with literature reports indicating that 
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absence of proliferative markers could indicate resistance to chemotherapy treatment (33), 

again confirming the treatment resistance capability of clusters.

Mutational analysis of lung CTCs

The molecular characteristics of CTCs were further explored by mutational analysis of 

selected genes using the DNA isolated from captured CTCs. DNA was extracted from paired 

peripheral and pulmonary vein samples from patients M2 and M3, from peripheral vein 

blood of patient M1, and from pulmonary vein blood of patient M4. The qBiomarker 

Somatic Mutation PCR Array: Human Lung Cancer (Qiagen) was chosen to represent a 

comprehensive spectrum of frequently mutated genes in lung cancer. The array includes 

multiple assays for genes including AKT1, BRAF, CTNNB1, EGFR, ERBB2, HRAS, 

KRAS, NRAS, PIK3CA, STK11 and TP53. Using this array, mutations were detected in 5/6 

samples tested involving at least one of the genes CTNNB1, EGFR, KRAS, PIK3CA and 

TP53 (Table 1). Interestingly, no mutations were detected in sample M1-peripheral, which 

had 0 CTCs detected by enumeration. TP53 mutations were detected in 5/6 samples, with all 

3 pulmonary vein samples positive for TP53 mutations. The detailed list of specific somatic 

mutations for each gene tested is given in Table S4.

Discussion

The field of circulating tumor cells (CTCs) research has seen many breakthroughs, most if 

not all, with the common overarching theme of sampling from the peripheral blood. While 

the peripheral blood adds convenience to ease sampling constraints, analysis is hindered by 

issues of skin cell contamination during venipuncture (37), and detection of a diluted 

concentration of cells as the CTCs are being circulated through the entire vasculature. 

Despite these challenges, the peripheral blood has the advantage of more closely reflecting 

the metastasis initiating population of cells (38) since the identified cells would likely be on 

their passage to distant tumor formation. It would however be illuminating to identify CTCs 

at every “checkpoint” of their passage from dissemination to new tumor formation, as they 

can potentially indicate the dynamically changing behavior of tumor cells and the 

heterogeneity of tumors. We thus chose to study CTCs not only at different time-points, but 

also from different venous sources – the pulmonary vein presumably reflecting the origin of 

these escaping cells, and the peripheral vein presumably harboring cancer cells en route to 

distant metastasis. We have thus followed early stage lung cancer patients undergoing tumor 

resections through their surgery.

We demonstrate CTC capture and analysis using a high-throughput microfluidic device, the 

OncoBean Chip (23). Similar studies have been previously undertaken (16,17,19,21,22,39–

41) in different cancers wherein different anatomical sources were investigated for CTCs. 

Morphological and molecular heterogeneity were observed in lung CTCs recovered from 

peripheral and pulmonary vein blood (20,28). While reinforcing these heterogeneities, our 

study also involves genomic profiling through RT-qPCR and mutational analysis, and long-

term monitoring of patients with CTC clusters present, as they could have potential 

prognostic value (27).
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Despite focusing on early stages of lung cancer, CTCs were isolated in the vast majority of 

the patient cohort in at least one time-point of blood draw. The pulmonary vein (PV) offers 

the advantage of being the first tumor draining vein for CTCs before passage of the blood 

onto the systemic circulation, and was presumed to have an enriched source of CTCs. This 

was indeed observed to be the case in the present cohort wherein a higher abundance of 

CTCs was found in comparison to the pre-op and intra-op peripheral samples. On the other 

hand, the peripheral vein samples collected before and during surgery did not show 

differences in CTC detection rates, suggesting that the CTC numbers do not vary 

significantly within a few hours of sampling from the same blood source. However, our data 

indicate that the PV could be thought of as a “storehouse” for CTCs until such time as they 

are ready for distant tumor seeding through the circulation. This is supported by the findings 

by Seinel et al. that the presence of CTCs in the PV is associated with poorer survival (17).

An advantage of the pulmonary vein sampling in combination with microfluidic recovery 

using the OncoBean Chip was the detection of CTC clusters. CTC clusters were detected in 

close to half the patient population in at least one time point, with the pulmonary vein 

accounting for majority of the cluster incidence. Studies have found that CTC clusters or 

microemboli have more metastatic potential than single CTCs (27,42), and that cells within 

the cluster may be protected from immune invasion and survive longer (28). Liotta et al. also 

found that bigger clusters produced more metastasis than smaller ones (42). This may have 

potential clinical relevance in predicting at resection the possibility of long term recurrence. 

For instance, 7 of 19 patients positive for clusters had big clusters (comprised of 10 or higher 

CTCs). These were only observed in the PV, while neither of the two peripheral specimens 

showed presence of >10 cell clusters. This suggests that most of these CTC clusters in the 

PV may not be able to enter the systemic circulation, or that bigger clusters may get lodged 

in areas of smaller vasculature (13). Alternatively, the PV could be accounting for the larger 

chunks of the tumor being shed into circulation, with most of these cells later undergoing 

anoikis (7,43) or otherwise leaving the system, and only the ones with the ability to survive 

the stresses in circulation continuing on (28).

Gene expression analysis by RT-qPCR revealed differences in the PV and Pe samples 

suggesting molecular heterogeneity in the two populations. Epithelial to mesenchymal 

transition (EMT) has been implicated in the tumor dissemination and metastatic process 

(44). Our gene expression data reveals the presence of intermediate phenotype cells (45–47) 

isolated from both pulmonary vein and peripheral veins. Pathway analysis reveals p53 

signaling and cell cycle pathways in the PV. This could indicate activation of apoptotic 

mechanisms in the PV CTCs, thereby throwing light on why not all CTCs are capable of 

further metastasis. Contrastingly, it could indicate continuous DNA repair, suggestive of the 

malignancy of some of the PV CTCs. Indeed, authors Seinel et al. observed poorer survival 

of patients who were positive for CTCs in the pulmonary vein (17). This has important 

implications in lung tumor resections, as it evidences that tumor resections must be 

combined with CTC-eliminating strategies in order for surgery to be “curative”. Integrins 

and adhesion molecules were also enriched in the PV in gene ontology analysis. These may 

have important implications in suggesting the role of the tumor microenvironment (27,29) in 

the early stages of metastasis such as tumor cell intravasation and extravasation process. 
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This in turn validates the aforementioned surmise that the PV CTCs could be thought of as 

the origin of the escaping tumor cells.

The higher expression of TP53 in the Pe CTCs might be indicative of the dynamic changes 

that CTCs undergo in the circulation in order to better survive shear stresses in the flow 

and/or to be invasive. The lower expression in the PV could indicate that p53 may not be 

transcriptionally active in the released cells (48) i.e. in the PV. DNA damage is one stress 

mechanism that may activate p53 (48), and the higher expression of the DNA repair gene 

ERCC1 in the PV suggests that the DNA repair mechanism was active in the cells released 

in the PV, thereby preventing activation of p53.

Ras protein signaling, implicated in the PV and Pe CTCs, is known to influence cell growth, 

survival and migration, in addition to malignancy of tumor cells (30). Ras protein signaling 

may be induced by growth factors (30). Targeting the Ras signaling pathway as a cancer 

treatment modality is now an area of frantic research, as this pathway is activated in many 

different cancers, including those of the lung (30,31).

CTC clusters or microemboli have been observed rarely in breast, prostate and lung cancers 

(27,37,49). They were shown to increase metastasis in mice models of breast cancer, and 

also have prognostic significance in predicting survival (20,27,50). Among the patients 

analyzed for mRNA expression profiles, the PV and Pe samples were segregated according 

to presence or absence of CTC clusters. Gene expression analysis revealed higher expression 

of IL6 (p=0.02) among the clustered CTCs compared to single CTCs. IL6 has been shown to 

have an activating effect on genes which can promote growth and anti-apoptosis signals (51). 

CTC clusters have also been previously shown to be negative for apoptosis (34). Our data 

supports this observation by the high expression of the anti-apoptotic BCL2 gene in the 

clusters compared to single CTCs. Together, these point to the highly aggressive or 

tumorigenic potential of CTC clusters (51).

Recent studies in breast cancer have implied that metastasis is related to CTC clusters with 

epithelial phenotype as evidenced by expression of various keratins (50,52). It has also been 

demonstrated that the clusters have high expression of adhesion markers, lack of which 

disrupt clusters and reduce their metastatic ability (27). We too observed a higher, albeit not 

statistically significant expression of epithelial markers such as EpCAM, EMP2, KRT19, 

KRT7, KRT8, suggesting a similar role in metastasis. Further studies are needed to 

understand these phenomena. Furthermore, mRNA expression of the excision repair cross 

complementation 1 (ERCC1) gene (53) was observed to be higher in cluster samples in 

contrast to the single CTC samples. This gene is involved in repair of damaged DNA, and its 

higher expression in lung CTCs has been correlated to worse progression free survival (53). 

Taken together, RNA expression data from CTC clusters point toward factors that may 

provide a survival advantage to these clusters, in so far as allowing growth, promoting 

invasion and metastasis as well as avoiding anoikis in the circulation (34,51).

Gene data analysis of clusters and single CTC samples using a pathway analysis software 

(IPathwayGuide, AdvaitaBio) showed enrichment of various gene ontology terms involving 

cell migration, motility and immune regulation. CTC clusters are known to have tight cell 
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junctions regulated by various adhesion complexes. Clusters have also been shown to have a 

higher metastatic capability as compared to single CTCs (50). Our data additionally 

indicates that CTC clusters may have higher migratory/motile ability than single CTCs, 

which might be useful in their metastatic route through the bloodstream. They may also be 

highly efficient at evading immune related cell death in the circulation, as evidenced by the 

GO term ‘platelet activation’. Indeed, ‘cloaking’ of CTCs by platelets has been observed and 

suggested as a mechanism to protect the cells in circulation (54). Enrichment of the IL-17 
signaling pathway is also suggestive of the invasiveness of the clusters, as it has been shown 

that IL-17 encourages metastasis and is associated with poor survival (55,56).

The expression of Ki67 in our sample set provided interesting insights into CTC biology. 

Patient specimens showed positivity of Ki67 expression while the healthy controls had no 

detectable levels of the gene. In addition, 8 out of 11 PV samples that were positive for Ki67 
had single CTCs. While there have been variable reports of Ki67 in CTCs and CTC clusters 

(3,57), it has been theorized that CTC clusters are better able to evade cytotoxic/

chemotherapeutic drugs due to absence of proliferation as indicated by Ki67 (3,34). This is 

also corroborated by the higher expression of ERCC1 (treatment resistant marker (58)) in 

the PV clusters, and further reinforced by the upregulation of ‘EGFR inhibitor resistance’ 

and ‘HIF-1 signaling’ pathways in the clusters. Hypoxia is theorized to promote epithelial-

mesenchymal transition (36), which in turn confers treatment resistance (35). Ki67 positive 

samples could thus indicate more proliferative tumors and poor prognosis, as is indicated by 

other studies in breast and prostate cancer that showed poor prognosis for patients with 

Ki67+ CTCs (14,46). Ki67 thus shows promise as a potential biomarker for investigating 

CTCs in early lung cancer to predict disease progression.

Lastly, the finding that CTCs isolated from both PV and Pe carried at least one lung tumor 

specific mutation confirms that, the CTCs found in both sources (PV and Pe) are shed from 

primary tumor. Furthermore, TP53 mutations were found in 83% of the samples tested 

whereas KRAS and PIK3CA were mutated in 50% of the samples, validating once again 

that CTCs are potential surrogates for tissue biopsy.

The finding of clusters of CTCs in the pulmonary and peripheral veins of patients 

undergoing tumor resections may have clinical significance which impacts long term 

monitoring. Our study indicates that the PV may harbor CTCs of mixed epithelial and 

mesenchymal features, and while some of the larger clusters may be filtered by smaller 

blood vessels, there still may remain a significant number to lead to metastasis and 

progression. This raises interesting possibilities of addressing tumor resections with 

therapies to eliminate the PV CTCs as they may manifest in the form of long term 

recurrence. Put together, the key findings suggest that the PV harbor different populations of 

CTCs than the peripheral vein, which may have implications in future assessment of 

resections and therapy.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Study schematic representing the anatomy of the lung displaying the pulmonary vein (PV) 

and peripheral veins (Pe). Blood was drawn from the veins at different time-points around 

tumor resection and processed through the OncoBean Chip, followed by analysis by 

enumeration and genomic profiling (inset on right).
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Figure 2. 
CTC enumeration from different venous sources. (A). Immunofluorescent staining of 

captured cells showing a CTC (CK7/8+, DAPI+, CD45-) captured next to CD45+ blood 

cells on the OncoBean Chip, (B). CTC burden from pre-op Pe, intra-op Pe and intra-op PV 

samples across 36 patients, (C). Range of CTCs from different sources showing higher CTC 

abundance in PV, (D). Frequency of CTC clusters observed in all patients at any time-point, 

(E). Individual incidence of CTC clusters in each venous specimen among all samples, (F). 

Immunofluorescent staining of CTC clusters captured in a lung cancer patient.
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Figure 3. 
CTC clusters in lung cancer patients. (A). Immunofluorescent staining images of captured 

CTC clusters showing a 2 CTC cluster, >5 CTC cluster, and >10 CTC cluster, (B). 

Distribution of sizes of the clusters obtained from cluster positive specimens, (C). Survival 

curves showing comparison of progression free survival (PFS) in patients with clusters (red) 

and without clusters (blue) in the Pre-op Pe blood.
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Figure 4. 
Longitudinal monitoring of patients with CTC clusters. PV CTC numbers at initial analysis 

are indicated in orange. Color keys shown in green, yellow and pink represent cluster sizes.
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Figure 5. 
Gene expression profiling of PV and Pe samples by RT-qPCR showing unsupervised 

hierarchical clustering of PV and Pe gene expression (2(-ΔCt)). PV and Pe samples are 

indicated by purple and yellow bars respectively.
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Figure 6. 
Gene expression analysis of CTC clusters and single CTC samples. (A). log2FC of the 

significantly differentially expressed genes in clusters and single CTCs, (B). Top pathways 

(p<0.05) enriched in clusters vs single CTCs, (C). Top gene ontology terms (p<0.05) 

enriched in the analysis of clusters vs single CTCs.
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