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ABSTRACT  

The CellSearch® semi-automated CTC enrichment and staining system has been established as the 

“gold standard” for CTC enumeration with CellSearch® CTC counts recognized by the FDA as 

prognostic for a number of cancers. We and others have gone on to show that molecular analysis of 

CellSearch® CTCs isolated shortly after CellSearch® enrichment provides another valuable layer of 

information that has potential clinical utility including predicting response to treatment. Although 

CellSearch® CTCs can be readily isolated after enrichment, the process of analysing a single 

CellSearch® patient sample, which may contain many CTCs, is both time consuming and costly. Here 

we describe a simple process that will allow storage of all CellSearch® enriched cells in glycerol at -

20ºC for up to 2 years without any measureable loss in the ability to retrieve single cells or in the 

genome integrity of the isolated cells. To establish the suitability of long term glycerol storage for 

single cell molecular analysis we isolated individual CellSearch® enriched cells by DEPArray™ either 

shortly after CellSearch® enrichment or following storage of matched enriched cells in glycerol at -

20ºC. All isolated cells were subjected to whole genome amplification (WGA) and the efficacy of 

single cell WGA was evaluated by multiplex PCR to generate a Genome Integrity Index (GII). The GII 

results from 409 single cells obtained from both “spike in” controls and clinical samples showed no 

statistical difference between values obtained pre and post-glycerol storage and that there is no 

further loss in integrity when DEPArray™ isolated cells are then stored at -80ºC for up to 2 years. In 

summary, we have established simple yet effective „stop off‟ points along the CTC workflow 
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enabling CTC banking and facilitating selection of suitable samples for intensive analysis once patient 

outcomes are known.  

 

1. INTRODUCTION  

Molecular analysis of tumours has led to the identification of mutational drivers of cancer and the 

development of targeted therapies, which when used to treat stratified patient cohorts have been 

shown to lead to significant improved response rates (Sharma et al., 2007; Sosman et al., 2012; 

Vogel et al., 2002). The molecular characterisation of tumours also has the potential to give insight 

into mechanisms of resistance to therapies and tumour heterogeneity (Burrell & Swanton, 2014; 

Carter et al., 2017; Casassent et al., 2017; Jamal-Hanjani et al., 2015; Navin et al., 2015). Circulating 

tumour cells (CTCs) found in the blood of cancer patients are being evaluated for clinical utility as a 

source of liquid biopsy that facilitates molecular characterisation of the patient‟s disease (Carter et 

al., 2017; Diaz & Bardelli, 2014; Fusi et al., 2013; Krebs et al., 2014; Rothwell et al., 2016). Use of a 

simple blood collection and CTC analysis has the added benefit of ease of sample collection as well 

as the possibility of repeat sampling. CTC number is associated with prognosis, response to 

chemotherapy and identification of disease recurrence in several types of cancer including lung, 

colorectal, breast and prostate (Attard et al., 2011; Cohen et al., 2008; Cristofanilli et al., 2004; 

Crosbie et al., 2016; de Bono et al., 2008; Krebs et al., 2011; Miller et al., 2010; Rack et al., 2014; 

Smerage et al., 2014; Vargas & Harris, 2016). Recently, CTCs have been used to infer the genetic 

status of the patient’s tumour and to identify a molecular profile linked to response to therapy 

(Carter et al., 2017; Lowes et al., 2015; Neal & Lilja, 2016). Downstream molecular analysis of 

isolated CTCs can also give greater insight into intratumour heterogeneity and identify specific 

signalling pathways that could be explored in the clinical setting.  

However, detailed analysis of CTCs presents difficulties; the paucity of CTCs in blood, associated 

enriching processes and downstream molecular analyses are technically challenging and expensive. 

A variety of technologies have been developed to enrich CTCs that commonly rely on cell surface 

antigen expression or on physical properties including cell size and deformability that distinguish 

CTCs from blood cells (Alix-Panabieres & Pantel, 2014; Alix-Panabieres & Pantel, 2016; Chudziak et 

al., 2016; Ferreira et al., 2016; Hyun et al., 2016; Pantel, 2016). CellSearch is a FDA approved 

epitope dependent platform capable of CTC enrichment and enumeration. To enable single cell 

analysis enriched samples require further manipulation on platforms such as the DEPArray™ (Silicon 

Biosystems), a microfluidic system that combines high resolution imaging with the dielectrophoretic 
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movement of fluorochrome labelled cells enabling selection as well as isolation of individual cells. 

We and others demonstrated the utility of a combined CellSearch and DEPArray™ workflow to 

enable molecular analysis of CTCs (Carter et al. 2017; De Luca et al., 2016; Hodgkinson et al., 2014). 

Although, effective, the isolation of CTCs using the combined CellSearch and DEPArray™ approach 

is both time consuming and costly making it impractical for routine analysis of all CellSearch 

enriched samples. Furthermore, it is often not clear which clinical samples will warrant CTC isolation 

and detailed molecular analysis. For example, in the course of a project or clinical trial it may be that 

all pre-treatment samples are collected but only a sub-set will be of interest based on a patient‟s 

response to treatment.  

To make the CellSearch and DEPArray™ approach more flexible and compatible with clinical trials, 

we have established a simple yet robust workflow (Figure 1) which allows banking of either the 

entire CellSearch enriched sample prior to cell isolation, or individual CTCs after DEPArray™ single 

cell isolation. We show that banked samples can be stored for over a year without any adverse 

impact on single cell whole genome amplification (WGA) and subsequent molecular analysis.  

 

2. MATERIAL AND METHODS  

2.1. Blood Collection  

Blood samples were collected in CellSave® vacutainers and transferred to the Clinical and 

Experimental Pharmacology laboratory for processing within four days of blood draw. All samples 

were collected following receipt of informed consent in compliance with the approved by the local 

Research Ethics Committee (REC reference 07/H1014/96; REC reference 13/LO/1546; MCRC Biobank 

Research Tissue Bank Ethics (ref: 07/H1003/161+5)).  

2.2. Cell culture  

Human colon carcinoma cell line LS174-T was obtained from the ATCC collection and maintained as 

recommended. Briefly, LS174-T cells were maintained in RPMI media, supplemented with 10% (v/v) 

fetal calf serum (FCS), penicillin (100 U/mL) and streptomycin (100 U/mL). Cells were maintained in a 

humid atmosphere at 37°C with 5% CO2. Cell survival and counting were determined by a trypan 

blue exclusion assay.  

One thousand tumour cells (TCs) were spiked into a healthy normal volunteer (HNV) 7.5 mL of blood 

collected in CellSave tubes.  
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2.3. CellSearch Enrichment  

Circulating tumour cells enumeration was performed on a CellSearch® system (Menarini Silicon 

Biosystems, Inc) using the CellSearch® Epithelial Cell Kit (Menarini Silicon Biosystems, Inc). In brief, 

7.5 mL of blood were collected in a CellSave preservative vacutainer and stored at room 

temperature (RT) for up to 96 hours. Afterwards the blood samples were processed into the 

CellTracks® AutoPrep® system, the CellSearch Circulating Tumour Cell Kit and the CellTracks® 

Analyser II (Menarini Silicon Biosystems, Inc). During the automated CellSearch® process, TCs or CTCs 

were immunomagnetically captured by anti-epithelial cell adhesion molecule (EpCAM)-antibody 

coated ferrofluid and detected by immunofluorescent staining of pan-cytokeratins and 4′,6-

diamidino-2-phenylindole (DAPI), as well as by negativity for the leukocyte specific antigen CD45. TCs 

and CTCs were identified as DAPI+/CK+/CD45- cells, while white blood cells (WBCs) as DAPI+/CK-

/CD45+. After scanning, the cartridges were removed from the MagNest device and stored at 4°C 

in the dark until further processing.  

2.4. Glycerol storage  

Following CellSearch enrichment samples with cell counting results between 120 and 200 cells, 

were resuspended, and half of the volume of the CellSearch® cartridge was stored at -20oC in 50% 

glycerol prior to isolation using DEPArray™. If the cell count was ≥ 200, one third of the resuspended 

cell solution was stored at 4ºC, one third at -20ºC in glycerol and the remaining isolated by 

DEPArray™ as the following description.  

2.5. DEPArray isolation  

CTCs and WBCs pre-stained with antibodies to CD45 and pan-CK and DAPI stained were aspirated 

from the CellSearch® cartridge used for the CTC enumeration, and single cells were isolated using 

the DEPArray™ system (Silicon Biosystems) as per manufacturer's instructions. After CTC 

enrichment, from samples with CTCs counts superior to 5 and inferior to 120, individual or pooled 

CTCs and WBCs were isolated by DEPArray™ and immediately stored at -80ºC. If the cell count was 

superior, the samples were prepared as described in the previous section (2.4 Glycerol Storage). 

Individual and pools of TCs, CTCs and control WBCs were isolated from samples pre and post-

glycerol storage. Cells showing positive staining for pan-cytokeratin (CK), undetectable CD45 labeling 

and positive nuclear staining were classified as TCs or CTCs, and WBCs were detected as DAPI+/CK-

/CD45+. All were subjected to whole genome amplification.  
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For calculation of the number of cells loaded onto the DEPArray™, a correction of the CellSearch® 

count for each sample evaluated pre- and post-glycerol storage was performed. This involved 

reducing the CellSearch® count by 30% to account for loss of sample associated with the dead 

volume in the DEPArray™ cartridge. The number of aliquots for each sample was then also corrected 

for to give a final “Expected DEPArray count” for CTC and total cell counts (Table ST1).  

2.6. Whole Genome Amplification  

Whole genome amplification of single or pools of TCs, CTCs and WBCs was performed using the 

Ampli1 WGA kit versions 1 and 2 (Silicon Biosystems), following manufacturer's instructions to 

obtain a 50 μL of WGA product. The Ampli1™ WGA procedure (Silicon Biosystem, Inc.) were 

performed in a single tube according to manufacturer’s protocol. This whole genome amplification 

method is based on adaptor-ligation-mediated amplification. After cells lysis, the genomic DNA was 

digested with MseI restriction enzyme to generate sticky ends fragments, followed by ligation of a 

single adaptor on both overhangs of each fragment, and a fill-in reaction to complement the 

sequence of the adaptor. The resultant WGA PCR product (50 μL) was produced by amplification of 

the entire genome library with one single high specific PCR primer corresponding to the adaptor.  

2.7. Genome Integrity Index (GII)  

The efficacy of WGA was evaluated by a multiplex quality-control PCR (GII-PCR). Concisely, a four 

amplicon multiplex PCR to assess fragments of various lengths in different chromosomes (12p:91bp; 

5p:108-166bp; 17p:299bp; 6p:614bp), was performed and visualized on a 1.5% (w/v) agarose gel. 

This quality control step allowed us to establish a Genome Integrity Index (GII) of 0-4 for each 

sample.  

It has been observed that the number of bands amplified (0-4) is associated with the integrity of the 

starting material, with cells with good quality DNA presenting 3 or 4 PCR bands, whilst cells with 

degraded DNA present fewer bands (Polzer et al., 2014). For the mean GII values the GII value for 

each individual single cell was determined and used to determine the mean for the entire sample. 

Human genomic DNA was used as positive control.  

2.8. Statistical Analysis  

Tests to evaluate the normality of each group of data were performed (D´Agostino-Pearson and 

Shapiro-Wilk) and accordingly statistical tests were further performed. Comparisons within and 
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across groups were assessed by Mann-Whitney, t-test, Kruskal-Wallis, Wilcoxon and Friedman´s test 

(with Dunn´s correction). p values < 0.05 were classified as significant.  

 

3. RESULTS  

We and others have previously demonstrated the potential clinical benefit of molecular 

characterisation of CTCs following single cell isolation from patient blood samples (Carter et 

al., 2017; Diaz & Bardelli, 2014; Fusi et al., 2013; Rothwell et al., 2016). To facilitate single 

CTC isolation and analysis, we have established a simple yet robust workflow, which allows 

banking of either the entire CellSearch sample prior to cell isolation, or individual CTCs 

after DEPArray™ single cell isolation (Figure 1). To address the stability of stored samples, 

we first compared the effect of long-term storage at -80°C on CTCs which had undergone 

CellSearch® enrichment, followed by DEPArray™ isolation. We examined CTCs from 22 

small cell lung cancer (SCLC) patient samples that had undergone CellSearch® enrichment, 

followed by DEPArray™ isolation (Figure 1; Table ST1). Following storage at -80°C from 11 

days (0.4 months) to 37 months DEPArray™ CTCs were subjected to WGA using Ampli1 

followed by a GII-PCR quality check for each cell (Figures 2A. and 2B.). Comparable GII 

values were seen in all isolated single cells, regardless of time stored at -80°C and no 

observable or statistical drop in GII was seen over time (Figure 2C. and 2D.). These data 

demonstrate that isolated single CTCs can be reliably stored at -80°C for up to 37 months 

with no significant detrimental effect on the genetic integrity of the cells.  

To extend the flexibility of our sample processing workflow (Figure 1), we next tested whether cells 

could be stored post CellSearch® enrichment but prior to DEPArray™ single cell isolation. To allow 

storage at -20°C and also avoid cellular damage due to freezing, we tested storing samples in high 

concentration of glycerol at -20°C. Primary experiments used the cell line LS174-T spiked into HNV 

blood (1000 cells ml-1 blood) which were then enriched using the CellSearch® platform. Following 

enrichment all cells were harvested from the CellSearch® MagNest™ and half of the cells 

immediately isolated on the DEPArray (Figure 3A.). The remaining cells were suspended in glycerol 

and transferred to -20°C for 24 months prior to DEPArray isolation (Figures 3B.). Individual isolated 

LS-174 cells underwent Ampli1 WGA and the resulting products were subjected to GII-PCR to 

determine the GII of the cell line cells isolated pre and post-glycerol storage (Figures 3A. and 3B.). No 

significant difference in the GII of the individual recovered cells pre and post-glycerol storage was 

seen (Figure 3C.), indicating long-term storage of CellSearch® enriched samples in glycerol has no 

detrimental effect on the DNA integrity of the cells.  
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Next tested long-term glycerol storage of clinical samples. To this end we collected CTCs from SCLC 

patients by CellSearch and following harvesting aliquots of each enriched sample were assessed 

immediately on the DEPArray for single CTC isolation, with the remainder of the sample being 

stored in glycerol at -20ºC. For the first patient the glycerol sample was stored at -20ºC for 17 

months prior to DEPArray isolation (Patient 23; Table ST2) and there was no observable or 

statistically significant difference seen for post-glycerol stored cells when compared to cells isolated 

immediately after CellSearch enrichment (Figure 4C). To confirm these initial findings we expanded 

our analysis to an additional 10 patients covering three cancer types (SCLC, NSCLC and prostate 

cancer) (Table ST2). For all patient samples, CTCs were enriched by CellSearch with one aliquot of 

the enriched sample ran immediately on the DEPArray and the remaining sample stored in glycerol 

at -20ºC for up to 18 months prior to DEPArray isolation (Table ST2). Analysis of the samples 

showed that the mean GII post-glycerol storage remained high across all storage time points, up to 

18 months post-CellSearch enrichment (Figure 5A.). Pairwise analysis of the samples pre- and post-

glycerol storage showed no detrimental effect of storage across all 11 patient samples with the post-

glycerol samples showing a slight but statistically insignificant improvement in DNA integrity (Figure 

5B). Analysis of the effect of storage at set time intervals of 0-6 months, 6-12 months and 12-18 

months found there was no statistically significant change in the mean GII of all CTCs in clinical 

samples across all time points (Supplementary Figure S1).  

To address whether glycerol storage could have a detrimental effect on total cell numbers we 

compared the total cell numbers for all 11 clinical samples following CellSearch enumeration pre- 

and post-glycerol storage. No significant differences in total cell counts were observed between the 

CellSearch® and both pre- and post-glycerol storage results (Friedman´s test with Dunn´s correction, 

p>0.05) (Figure 6).  

 

4. DISCUSSION  

Both CTCs and circulating free DNA (cfDNA) can be readily obtained from a simple peripheral blood 

draw and together represent a “liquid biopsy” that holds considerable potential for providing 

biomarkers that can improve cancer patient management (Carter et al., 2017; Diaz & Bardelli, 2014; 

Fusi et al., 2013; Krebs et al., 2014; Rothwell et al., 2017). The isolation and characterisation of single 

tumour cells from the circulation can give an insight into the heterogeneity and genetic status of 

tumours, which has been associated with prognosis (Carter et al., 2017; Casassent et al., 2017; Navin 

et al., 2015). However, despite the promising clinical significance, the costs associated with isolation 
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and molecular characterisation of single CTCs is a significant obstacle. Consequently, pre-isolation 

storage would be advantageous, enabling careful selection of the samples to be subsequently 

analysed. Our aim was to establish a workflow that could be readily implemented and would allow 

the long-term storage of enriched CTCs samples at -20°C in glycerol.  

The CellSearch® semi-automated CTC enrichment and staining system has been established as a 

reliable process that has been adopted worldwide and CellSearch® CTC counts have been recognized 

by the FDA as prognostic in a number of cancers. Although CellSearch® CTCs can be readily isolated 

after enrichment, the process of analysing a single CellSearch® patient sample which may contain 

many CTCs is both time consuming and costly so we have evaluated CTC “stop off” points where 

CTCs can be banked then retrieved for analysis. Our initial experiments focused on the stability of 

single CTCs isolated by combined CellSearch® and DEPArray™ (Figures 2, 3 and 4). Storage of isolated 

single cells from clinical samples at -80°C showed that there was no measurable decline in genome 

integrity for at least 37 months. These results demonstrate that storage of isolated cells at -80°C 

provides long-term stability for subsequent genomic analysis.  

Having established that isolated cells can be stored for long periods at -80°C we next looked for 

approaches that can be used to bank CellSearch® enriched cells prior to single cell isolation. For this 

we identified glycerol as a potential cryoprotective agent given that it has been used in high 

concentrations (40-50%) for blood cells storage in clinical practice (Henkelman et al., 2015; Morris et 

al., 2006; Ragoonanan et al., 2013), and that it may be a superior alternative to other 

cryoprotectants, such as DMSO, which may adversely affect cells by exposure to strong bi-polar 

compounds (Best, 2015; Henkelman et al., 2015). We first examined storage in glycerol at -20°C 

using cells from a cell line “spiked” into HNV blood collected using CellSave® blood collection tubes 

then enriched via CellSearch® and subsequently stored in glycerol at -20°C for 24 months prior to 

DEPArray™ isolation. Data from this “spike in” experiment showed there was no statistical difference 

observed based on the GII of the recovered cells pre and post-glycerol storage (Figure 3C). Though 

these “spike in” experiments were encouraging we were aware of the limitations of using cell lines 

due to the intrinsic differences, both biologically and physically between cell lines and true CTCs. 

Therefore, to confirm the clinical utility of this approach, we subsequently extended the glycerol 

storage at -20°C to 11 clinical samples from three disease types and again compared the GII pre- and 

post-glycerol storage at -20°C. The results from the clinical samples also confirmed that glycerol 

storage did not have a detrimental effect on the GII of samples (Figures 4 and 5). Interestingly, 

paired analysis of the clinical samples showed a minor improvement in the GII of glycerol stored 

samples compared to freshly processed samples, though this was not statistically significantly (Figure 
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5B.). These results are from a limited cohort of three different cancers (SCLC, NSCLC and prostate 

cancer) and the effect of storage of CTCs from other disease types may differ and is part of an 

ongoing study in the laboratory.  

One concern raised by these results was that the storage of enriched samples may lead to the loss of 

potentially more “fragile” cells, for example cells in the early stages of apoptosis, with only “robust” 

cells surviving long-term storage, which was then reflected in apparent improved GII values. This 

bias could be problematic as the number of CTCs in clinical samples is usually low and the loss of 

cells would decrease our ability to analyse patient samples effectively. However, both the total 

number of cells and total number of CTCs was found to be unchanged following glycerol storage 

demonstrating that glycerol storage was not leading to cell loss (Figure 6). Another possible 

explanation for the improved GII of the glycerol samples is that although the cells enriched by 

CellSearch® are fixed, it has been shown that glycerol has a cryoprotective effect on cells (Ragoonan 

et al., 2013). This additional cryoprotection may protect the cells during DEPArray™ manipulation, 

increasing the integrity of the cell membranes and thereby maintaining the GII of these samples.  

In conclusion, the results presented in this study indicate that CellSearch® enriched samples can 

routinely be stored in glycerol at -20°C, prior to single cell isolation and molecular analysis. This 

approach greatly increases the utility of CTCs as a liquid biopsy in the clinical setting, where they 

have potential in addressing questions of tumour response and heterogeneity, as well as giving 

insight into mechanisms of resistance due to the simplicity of longitudinal collection of bloods.  
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7. FIGURES  

Figure 1. Schematic showing the workflow developed for the isolation, storage and genomic analysis 

of circulating tumour cells (CTCs) from clinical blood samples. Yellow boxes with blue text indicates 

stop off points where material can be stored prior to downstream processing.  

Figure 2. A. Molecular analysis of isolated SCLC CTCs following short term storage. After CellSearch® 

enrichment and DEPArray™ isolation cells were stored at -80°C for 11 days. All cells underwent WGA 

and GII-PCR to determine their Genome Integrity Index (GII). The top panel shows DEPArray images 

of cells labelled with CK (green) and DAPI (pink) with the scale bar represents 10μm. The bottom 

panel shows an agarose gel of the GII-PCR products with 0-4 bands generated for four different 

genomic regions with different sizes (12p:91bp; 5p:108-166bp; 17p:299bp; 6p:614bp). M = 100 bp 

ladder. B. Molecular analysis of CTCs isolated from SCLC patients after enrichment by CellSearch®, 

isolation by DEPArray™ and storage at -80°C for 25 months. Isolated cells then underwent WGA and 

GII-PCR to determine GII and data presented using the same format as in panel A. C. Graphical 

representation of the mean GII of CTCs following storage at -80°C for up to 36 months for 21 SCLC 

patients. Linear regression analysis found no detrimental effect of long term storage on GII (blue 

trend line) (p=0.8429; R square=0.002011). D. Graphical representation of GII mean value grouped 

according to time stored at -80°C following DEPArray™ isolation. No statistically significant 

difference was seen across all groups (Mann-Whitney test, p values >0.05; error bars show SD).  

Figure 3. A. Cultured LS174T cells were added to HNV blood, enriched by CellSearch® and isolated by 

DEPArray™. All cells underwent WGA and GII-PCR to determine the GII and data presented using the 

same format as in Figure 2 panel A. B. LS174T cells recovered from the CellSeach® cartridge and 

stored at -20°C in glycerol for 24 months prior to DEPArray™ isolation. Following WGA, GII-PCR was 

used to determine GII for each sample and data presented using the same format as in Figure 2 

panel A. C. A comparison of the GII of individual cells enriched by CellSearch® and DEPArray™ 

isolated prior to glycerol storage (0 months) and stored at -20°C for 24 months in glycerol before 

DEPArray™. No statistically significant difference (Mann-Whitney test; p=0.860; error bars show SD) 

was seen.  

Figure 4. A. CellSearch® was used to enrich CTCs from a SCLC patient blood sample and DEPArray™ 

was used to isolate CTCs from a portion of the enriched sample prior to storage in glycerol at -20°C. 

All isolated cells were subjected to WGA plus GII-PCR and data presented using the same format as 

in Figure 2 panel A. B. An aliquot of the same CellSearch® enriched cells described in panel A was 

stored in glycerol at -20°C for 17 months prior to CTC isolation by DEPArray™. All isolated cells were 
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subjected to WGA plus GII-PCR and data presented using the same format as in Figure 2 panel A. C. A 

comparison of the GII from cells enriched by CellSearch® and DEPArray™ isolated prior to glycerol 

storage (0 months), and stored at -20°C for 17 months in glycerol prior to DEPArray™ isolation. No 

statistically significant difference in the GII values was found following long term storage (Mann-

Whitney test; p=0.820; error bars show SD).  

Figure 5. A. The average GII for 11 clinical samples was established for CellSearch® enriched samples 

following glycerol storage at -20°C for up to 18 months. Following DEPArray™ isolation cells were 

subjected to WGA and GII-PCR. Linear regression analysis was applied and showed no detrimental 

effect of long term storage shown by the trend line (red line) (p=0.4056; R square=0.078). B. A 

comparison of the average GII of CellSearch® cells isolated by DEPArray™ pre and post-glycerol 

storage at -20°C. Following DEPArray™ isolation each CTC was subjected to WGA and QC-PCR to 

determine GII. The GII mean was not statistically significant improved in the group of samples stored 

in glycerol at -20°C.  

Figure 6. Total countable events from CellSearch® were compared to the number of total events 

assessed by DEPArray™, pre and post-glycerol storage at -20°C. No statistical significant difference 

was seen following analysis of paired samples(Friedman´s test with Dunn´s correction, error bars 

show SD).  

Figure S1. The graph shows pre and post-glycerol storage GII data from 11 clinical samples divided 

into 3 groups based the length of time samples were stored in glycerol at -20°C. In all cases the pre-

glycerol storage samples are labeled 0 months and post-glycerol samples labeling according to time 

stored in glycerol at -20°C. There was no statistical significant difference (Wilcoxon test; p>0.05) 

between any of the paired samples although there was a noticeable increase in the mean GII seen 

for samples stored for in glycerol at -20°C for 0- 6 months.  

Table ST1: Characterisation of the 22 clinical samples from small cell lung cancer (SCLC) patients 

detailing the number of CTCs and total cell count after CellSearch® enumeration. For each patient 

the time that DEParray isolated CTCs were stored at -80°C prior to WGA is shown in months.  

Table ST2: Details of the 11 clinical samples evaluated pre and post-glycerol storage. Details include: 

type of disease; the number of CTCs; the total cell count after CellSearch® enumeration; the 

predicted DEParray counts (based on volumes transferred and a 30% of dead volume in the DEParray 

cartridge); actual DEParray total cell counts; actual DEParray CTC counts (DAPI+/CK+/CD45-) and the 

time in days of glycerol of storage at -20°C.  



A
cc

ep
te

d
 A

rt
ic

le

Molecular Oncology (2017) © 2017 The Authors. Published by FEBS Press and John Wiley 
& Sons Ltd  

8. REFERENCES  

Alix-Panabières C., Pantel K., 2014. Challenges in circulating tumour cell research. Nat Rev Cancer. 

14(9):623-31.  

Alix-Panabières C, Pantel K., 2016. Clinical Applications of Circulating Tumor Cells and Circulating 

Tumor DNA as Liquid Biopsy. Cancer Discov. 6(5):479-91  

Attard G., de Bono J.S., 2011. Utilizing circulating tumor cells: challenges and pitfalls. Curr Opin 

Genet Dev. 21(1):50-8.  

Best B. P., 2015. Cryoprotectant Toxicity: Facts, Issues, and Questions. Rejuvenation Research. 18(5), 

Mary Ann Liebert, Inc.  

Burrell RA, Swanton C., 2014 Tumour heterogeneity and the evolution of polyclonal drug resistance. 

Mol Oncol. Sep 12;8(6):1095-111  

Carter L., Rothwell D.G., Mesquita B., Smowton C., Leong H.S., Fernandez-Gutierrez F., Li Y., Burt D.J., 

Antonello J., Morrow C.J., Hodgkinson C.L., Morris K., Priest L., Carter M., Miller C., Hughes A., 

Blackhall F., Dive C., Brady G., 2017. Molecular analysis of circulating tumor cells identifies distinct 

copy-number profiles in patients with chemosensitive and chemorefractory small-cell lung cancer. 

Nat Med. 23(1):114-119.  

Casasent A.K., Edgerton M., Navin N.E., 2017. Genome evolution in ductal carcinoma in situ: invasion 

of the clones. J Pathol. 241(2):208-218.  

Chudziak J., Burt D.J., Mohan S., Rothwell D.G., Mesquita B., Antonello J., Dalby S., Ayub M., Priest L., 

Carter L., Krebs M.G., Blackhall F., Dive C., Brady G., 2016. Clinical evaluation of a novel microfluidic 

device for epitope-independent enrichment of circulating tumour cells in patients with small cell 

lung cancer. Analyst. 141(2):669-78.  

Cohen E., Doweck I., Naroditsky I., Ben-Izhak O., Kremer R., Best L.A., Vlodavsky I., Ilan N., 2008. 

Heparanase is overexpressed in lung cancer and correlates inversely with patient survival. Cancer. 

113(5):1004-11.  

Cristofanilli M, Budd GT, Ellis MJ, Stopeck A., Matera J., Miller M.C., Reuben J.M., Doyle G.V., Allard 

W.J., Terstappen L.W., Hayes D.F., 2004. Circulating tumor cells, disease progression, and survival in 

metastatic breast cancer. N Engl J Med. 351:781–91.  



A
cc

ep
te

d
 A

rt
ic

le

Molecular Oncology (2017) © 2017 The Authors. Published by FEBS Press and John Wiley 
& Sons Ltd  

Crosbie P.A.J.,,Shah R., Krysiak P., Zhou C., Morris K., Tugwood J., Booton R., Blackhall F., Dive C., 

2016. Circulating Tumor Cells Detected in the Tumor-Draining Pulmonary Vein Are Associated with 

Disease Recurrence after Surgical Resection of NSCLC J Thorac Oncol. 11(10): 1793–1797.  

de Bono J.S., Scher H.I., Montgomery R.B., Parker C., Miller M.C., Tissing H., Doyle G.V., Terstappen 

L.W., Pienta K.J., Raghavan D., 2008. Circulating tumor cells predict survival benefit from treatment 

in metastatic castration-resistant prostate cancer. Clin Cancer Res. 14(19), 6302-9.  

De Luca F., Rotunno G., Salvianti F., Galardi F., Pestrin M., Gabellini S., Simi L., Mancini I., Vannucchi 

A.M., Pazzagli M., Di Leo A., Pinzani P. ,2016. Mutational analysis of single circulating tumor cells by 

next generation sequencing in metastatic breast cancer. Oncotarget. 7(18):26107-19.  

Diaz L.A. Jr, Bardelli A., 2014. Liquid biopsies: genotyping circulating tumor DNA. J Clin Oncol. 

32(6):579-86.  

Ferreira M.M., Ramani V.C., Jeffrey S.S., 2016. Circulating tumor cell technologies. Mol Oncol. 

10(3):374-94.  

Fusi A., Metcalf R., Krebs M., Dive C., Blackhall F., 2013. Clinical utility of circulating tumour cell 

detection in non-small-cell lung cancer. Curr Treat Options Oncol. 14(4):610-22.  

Henkelman S.F. Noorman J.F. Badloe J. W. M. Lagerberg, 2015. Utilization and quality of 

cryopreserved red blood cells in transfusion medicine. Vox Sanguinis. 108, 103–112.  

Hodgkinson C.L., Morrow C.J., Li Y., Metcalf R.L., Rothwell D.G., Trapani F., Polanski R., Burt D.J., 

Simpson K.L., Morris K., Pepper S.D., Nonaka D., Greystoke A., Kelly P., Bola B., Krebs M.G., Antonello 

J., Ayub M., Faulkner S., Priest L., Carter L., Tate C., Miller C.J., Blackhall F., Brady G., Dive C., 2014. 

Tumorigenicity and genetic profiling of circulating tumor cells in small-cell lung cancer. Nat Med. 

20(8):897-903.  

Jamal-Hanjani M, Quezada SA, Larkin J, Swanton C, 2015. Translational implications of tumor 

heterogeneity. Clin Cancer Res. 21: 1258–1266  

Krebs M.G., Metcalf R.L., Carter L., Brady G., Blackhall F.H., Dive C., 2014. Molecular analysis of 

circulating tumour cells-biology and biomarkers. Nat Rev Clin Oncol. 11(3):129-44.  

Krebs M.G., Sloane R., Priest L. Lancashire L., Hou J.M., Greystoke A., Ward T.H., Ferraldeschi R., 

Hughes A., Clack G., Ranson M., Dive C., Blackhall F.H.J, 2011. Evaluation and prognostic significance 

of circulating tumor cells in patients with non-small-cell lung cancer. Clin Oncol. 29(12):1556-63.  



A
cc

ep
te

d
 A

rt
ic

le

Molecular Oncology (2017) © 2017 The Authors. Published by FEBS Press and John Wiley 
& Sons Ltd  

Lowes L.E., Lock M., Rodrigues G., D'Souza D., Bauman G., Ahmad B., Venkatesan .V, Allan A.L., 

Sexton T., 2015. The significance of circulating tumor cells in prostate cancer patients undergoing 

adjuvant or salvage radiation therapy. Prostate Cancer Prostatic Dis. 18(4):358-64.  

Miller M.C., Doyle G.V., Terstappen L.W., 2010. Significance of Circulating Tumor Cells Detected by 

the CellSearch System in Patients with Metastatic Breast Colorectal and Prostate Cancer. J 

Oncol.:617421  

Morris G.J., Goodrich M., Acton E., Fonseca F., 2006. The high viscosity encountered during freezing 

in glycerol solutions: effects on cryopreservation. Cryobiology. 52(3):323-34.  

Navin N., 2015. The first five years of single-cell cancer genomics and beyond. Genome Res. 

25(10):1499-507.  

Neal D., Lilja H., 2016. Circulating Tumor Cell Count as an Indicator of Treatment Benefit in Advanced 

Prostate Cancer. Eur Urol. 70(6):993-994.  

Pantel K.,2016. Blood-Based Analysis of circulating Cell-Free DNA and Tumor Cells for Early Cancer 

Detection. PLoS Med 13(12).  

Polzer B, Medoro G, Pasch S, Fontana F, Zorzino L, Pestka A, Andergassen U, Meier-Stiegen F, Czyz 

ZT, Alberter B, Treitschke S, Schamberger T, Sergio M, Bregola G, Doffini A, Gianni S, Calanca A, 

Signorini G, Bolognesi C, Hartmann A, Fasching PA, Sandri MT, Rack B, Fehm T, Giorgini G, Manaresi 

N, Klein CA., 2014. Molecular profiling of single circulating tumor cells with diagnostic intention. 

EMBO Mol Med. 6(11):1371-86. 

Rack B., Schindlbeck C., Jückstock J., Andergassen U., Hepp P., Zwingers T., Friedl TW., Lorenz R., 

Tesch H., Fasching P.A., Fehm T., Schneeweiss A., Lichtenegger W., Beckmann M.W., Friese K., Pantel 

K., Janni W.; SUCCESS Study Group 2014, 2014. Circulating tumor cells predict survival in early 

average-to-high risk breast cancer patients. J Natl Cancer Inst. 15; 106(5).  

Ragoonanan V., Less R., Aksan A., 2013. Response of the cell membrane-cytoskeleton complex to 

osmotic and freeze/thaw stresses. Part 2: The link between the state of the membrane-cytoskeleton 

complex and the cellular damage. Cryobiology. 66:96–104.  

Rothwell D.G., Smith N., Morris D., Leong H.S., Li Y., Hollebecque A., Ayub M., Carter L., Antonello J., 

Franklin L., Miller C., Blackhall F., Dive C., Brady G., 2016. Genetic  



A
cc

ep
te

d
 A

rt
ic

le

Molecular Oncology (2017) © 2017 The Authors. Published by FEBS Press and John Wiley 
& Sons Ltd  

profiling of tumours using both circulating free DNA and circulating tumour cells isolated from the 

same preserved whole blood sample. Mol Oncol. 10(4):566-74.  

Sharma S.V., Bell D.W., Settleman J., Haber D.A. Epidermal growth factor receptor mutations in lung 

cancer. Nat. Rev. Cancer. 2007; 7:169–181.  

Smerage J.B., Barlow W.E., Hortobagyi G.N., Winer E.P., Leyland-Jones B., Srkalovic G., Tejwani S., 

Schott A.F., O'Rourke M.A., Lew D.L., Doyle G.V., Gralow J.R., Livingston R.B., Hayes D.F.,. 2014 

Circulating tumor cells and response to chemotherapy in metastatic breast cancer: SWOG S0500. J 

Clin Oncol. 32(31):3483-9.  

Sosman J.A., Kim K.B., Schuchter L., Gonzalez R., Pavlick A.C., Weber J.S., McArthur G.A., Hutson T.E., 

Moschos S.J., Flaherty K.T., Hersey P., Kefford R., Lawrence D., Puzanov I., Lewis K.D., Amaravadi 

R.K., Chmielowski B., Lawrence H.J., Shyr Y., Ye F., Li J., Nolop K.B., Lee R.J., Joe A.K., Ribas A., 2012. 

Survival in BRAF V600-mutant advanced melanoma treated with vemurafenib. N Engl J Med. 

366(8):707-14.  

Vargas A.J., Harris C.C., 2016. Biomarker development in the precision medicine era: lung cancer as a 

case study. Nat Rev Cancer. 16(8), 525-37.  

Vogel C.L., Cobleigh M.A., Tripathy D., Gutheil J.C., Harris L.N., Fehrenbacher L., Slamon D.J., Murphy 

M., Novotny W.F., Burchmore M., Shak S., Stewart S.J., Press M., 2002. Efficacy and safety of 

trastuzumab as a single agent in first-line treatment of HER2-overexpressing metastatic breast 

cancer. J Clin Oncol.; 20:719–726.  

 



A
cc

ep
te

d
 A

rt
ic

le

Molecular Oncology (2017) © 2017 The Authors. Published by FEBS Press and John Wiley 
& Sons Ltd  

 

 



A
cc

ep
te

d
 A

rt
ic

le

Molecular Oncology (2017) © 2017 The Authors. Published by FEBS Press and John Wiley 
& Sons Ltd  

Figure 2.

M 

Q
C

-P
C

R
 G

II  

DEPArray  
recoveries  

B. 

A. C. 

D. 

0
0

1

2

3

4

12 24 36

Time at -80°C (months)

G
II 

M
ea

n

0-6 6-18 >18
0

1

2

3

4

Time at -80°C (months)

G
II 

M
ea

n

p>0.999 
p=0.825 

p=0.725 

M 

DEPArray  
recoveries  

Q
C

-P
C

R
 G

II  

500 bp

100 bp

500 bp

100 bp

 

  



A
cc

ep
te

d
 A

rt
ic

le

Molecular Oncology (2017) © 2017 The Authors. Published by FEBS Press and John Wiley 
& Sons Ltd  

Figure 3.

B. 

A. C. 
p=0.860 

0 24 
0

1

2

3

4

Time at -20°C (months)

G
II

M Fresh samples 

Q
C

-P
C

R
 G

II 

DEPArray  
recoveries 

M Glycerol stored samples 
Q

C
-P

C
R

 G
II 

DEPArray  
recoveries 

500 bp

100 bp

500 bp

100 bp

 

  



A
cc

ep
te

d
 A

rt
ic

le

Molecular Oncology (2017) © 2017 The Authors. Published by FEBS Press and John Wiley 
& Sons Ltd  

Figure 4.

B. 

A. C. 

0 17
0

1

2

3

4

Time at -20°C (months)

G
II

p=0.820 

M Fresh samples 

Q
C

-P
C

R
 G

II  

DEPArray  
recoveries  

M Glycerol stored samples 
Q

C
-P

C
R

 G
II  

DEPArray  
recoveries  

500 bp

100 bp

500 bp

100 bp

 

  



A
cc

ep
te

d
 A

rt
ic

le

Molecular Oncology (2017) © 2017 The Authors. Published by FEBS Press and John Wiley 
& Sons Ltd  

A. B. 

Figure 5.

0 6 12 18
0

1

2

3

4

Time in Glycerol (months)

G
II 

M
ea

n

 



A
cc

ep
te

d
 A

rt
ic

le

Molecular Oncology (2017) © 2017 The Authors. Published by FEBS Press and John Wiley 
& Sons Ltd  

 

 


