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Abstract 

Circulating tumor cells (CTCs) are rare cells, that can be found in the peripheral blood of cancer 

patients. They have been demonstrated to be useful prognostic markers in many cancer types. Within 

the last decade various methods have been developed to detect rare cells within a liquid biopsy from a 

cancer patient. These methods have revealed the phenotypic diversity of CTCs and how they can 

represent the complement of cells that are found in a tumor. Single-cell proteogenomics has emerged 

as an all-encompassing next-generation technological approach for CTC research. This allows for the 

deconstruction of cellular heterogeneity, dynamics of metastatic initiation and progression, and 

response or resistance to therapeutics in the clinical settings. We take advantage of this opportunity to 

investigate CTC heterogeneity and understand their full potential in precision medicine. 

 

The High-Definition Single-Cell Analysis (HD-SCA) workflow combines detection of the entire 

population of CTCs and rare cancer related cells with single-cell genomic analysis and may therefore 

provide insight into their sub-populations based on molecular as well as morphological data.  

 

In this chapter we will describe in detail the protocols from isolation of a candidate cell from a 

microscopy slide, through whole genome amplification and library preparation, to CNV analysis of 

identified cells from the HD-SCA workflow. This process may also be applicable to any platform 

starting with a standard microscopy slide or isolated cell of interest. 
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1. Introduction   

Throughout the initiation and progression of carcinomas, cells are actively or passively released from a 

tumor into the blood stream. Often tumor associated cells detach during the process of vascularization, 

or tumor derived cells intravasate through destabilized cell junctions into a blood vessel (1–4). These 

possible messengers of metastasis then circulate in the blood of patients and have been correlated with 

disease progression and patient outcome in numerous studies (5–7). The variety of tumor and tumor 

associated cells and extracellular vesicles (EVs) that pass over into the blood stream include 

circulating tumor cells (CTCs), endothelial cells which line the tumor vasculature, stromal cells, 

platelets, exosomes, oncosomes (oncogene-containing EVs) and more (8–10).  

 

The detection of CTCs can be achieved by various methods (11, 12) utilizing mostly specific 

biological or physical properties of known cell-types, to enrichi a sub-set of CTCs (13–15). Such 

selection process can perform exceedingly well if the selection parameters are known with high 

accuracy and can be chosen with high precision. This process can be useful in a known diagnostic 

framework but can be challenging in a heterogenous disease setting represented by carcinomas. A 

possible solution is the direct analysis of the entire population of peripheral blood mononuclear cells 

(PBMC) from a patient to allow the unbiased identification of all CTC types. Deeper molecular 

analysis of the identified candidate cells can follow without losing valuable information especially of 

rare sub-populations that might be responsible for relapse or disease progression.  

 

One technical solution to the challenge of hetereogeneity is the High-Definition Single-Cell Analysis 

(HD-SCA) workflow that has been developed to take the entire population of nucleated circulating 

cells in a peripheral blood sample into account (16, 17). It offers an enrichment-free, high-throughput 

approach for rare cell detection and multimodal single cell analysis following the principle that ‘no 

cell is left behind’ to be able to identify the one needle that matters in the haystack. For deeper insight 

about the impact of the detected rare cell, it is important to consider the spatiotemporal evolution of 

cancer; the migration of a CTC through the hematogeneous and lymphatic system of the body and 



 
 

changes it might provoke within a new metastatic site (18). Collecting various available spatial and 

temporal data provides the opportunity to detect patterns and may predict patient outcome. 

 

Recently the HD-SCA workflow has been extended to a variety of tissue preparations such as ‘touch-

preps’(19) where resected tumor tissue or biopsy specimens are lightly touched to the surface of a 

slide, leaving an imprint of the tissue comprising a layer of intact tumor and associated cells that 

maintains their positional information. Being able to not only investigate peripheral blood and bone 

marrow aspirate, but also solid tumor tissue cells from the primary tumor and metastases, allows the 

HD-SCA workflow to correlate high-resolution imaging and downstream molecular data of single-

cells of different spatiotemporal samples of the same patient to fully monitor and analyze disease 

progression.   

 

This chapter aims to describe the methods for extracting individual cells of interest (COIs) from 

microscopy slides and to prepare them for genomic analysis, resulting in genome-wide copy number 

variation (CNV) profiles. This workflow is equally applicable not only to the PBMC fraction of a 

peripheral blood draw, but also to any slide-based cell preparation including ‘touch-preps’. The 

detailed methods for the handling of blood samples, preparation for immunofluorescent staining and 

characterization of COIs from blood samples have been previously published (16), but will be briefly 

described here for the better understanding of the analytical steps of the workflow. 

 

2. Materials 

All materials are listed in order of time of use for the corresponding part of the protocol listed below. 

 

2.1 High-Definition Single-Cell Analysis (HD-SCA) workflow 

1. Blood collection tubes (BCTs) containing a cell fixation and DNA stabilization reagent 

(Streck Cell-Free DNA BCT®) 

2. Customized adhesive glass slides (Marienfeld GmbH & Co. KG) 

3. Fluorescently stained antibodies (AlexaFluor©, Thermo Fisher Scientific) 



 
 

 

2.2 Single-cell isolation  

2.2.1 Equipment 

1. Inverted microscope, e.g. Olympus IX81, Nikon TE2000 

2. Micromanipulator, e.g. TransferMan® 4r (Eppendorf) 

 

2.2.2 Reagents and consumables 

3. DNA AWAY® surface decontaminant (Molecular BioProducts)  

4. Cell isolation cover slips: 25x75 mm (Electron Microscopy Sciences) 

5. Glass capillaries (piezo drill tips): diameter of 15µm, angle of 25°, lengths of 6.000 µm and a 

jagged front surface (Eppendorf) 

6. Oil for hydraulic system: mineral oil  

7. Dry ice and wet ice to store cells and buffers (in thermal boxes) 

8. Picking buffer PBS-T: 5 ml 1X PBS (pH=7.4 ±0.02) + 5 µl of Tween 20 (0.1 % final 

concentration of Tween 20) 

9. Cell deposition buffer (CDB): 10 mM Tris-HCl-EDTA pH 8.0 (TE): 10 mM Tris-HCl, 1 mM 

disodium EDTA, pH 8.0 

10. 0.5 ml LoBind DNA tubes: sterile, with flat rim (Eppendorf) 

11. 70 % Ethanol  

12. Compressed air 

 

2.2.3 Software and computing 

13. Imaging Software: (ImagePro, MediaCybernetics Inc.) 

14. Semi-automated custom ImagePro macros for relocation and imaging of cells 

15. Transformation matrix: Converts slide scanner coordinates for each cell of interest to 

reimaging/cell picking microscope coordinates.  

 

2.3 Whole genome amplification 



 
 

2.3.1 Equipment 

1. Thermal cycler (e.g. Mastercycler™ pro PCR System, Eppendorf) 

2. PCR cooler (e.g. iceless cold storage system, Eppendorf®) 

3. Equipment and chemicals for gel electrophoresis system: e.g. Quick-Load® 100bp DNA 

Ladder (New England BioLabs), 10X SYBR® Safe DNA Gel Stain (Life Technologies), Gel 

Pilot Loading Dye 5X (Qiagen), GelPilot® Agarose (Qiagen) 

4. DNA quantification instrument (e.g. Qubit, ThermoFisher Scientific) 

 

2.3.2 Reagents and consumables 

5. DNA AWAY® surface decontaminant (Molecular BioProducts) 

6. 70 % EtOH 

7. Lysis buffer: 1:1 dithiothreitol (DTT, 100 mM) + potassium hydroxide (KOH, 400 mM) 

8. GenomePlex® Single Cell Whole Genome Amplification Kit (WGA4, Sigma-Aldrich): 10X 

single cell lysis & fragmentation buffer, 1X single cell library preparation buffer, library 

stabilization solution, library preparation enzyme, 10X Amplification Master Mix, WGA 

DNA polymerase, Control gDNA (5 ng/ml), molecular grade water 

9. 10 mM Tris-HCl-EDTA pH 8.0 (TE): 10 mM Tris-HCl, 1 mM disodium EDTA, pH 8.0 

10. QIAquick PCR Purification kit (Qiagen) 

11. Qubit dsDNA HS Assay Kit (ThermoFisher Scientific) 

12. Qubit assay tubes (ThermoFisher Scientific) 

 

2.4 Library Construction 

2.4.1 Equipment 

1. Sonication device, e.g. Covaris S2 (COVARIS Inc.) 

2. Thermal cycler (e.g. Mastercycler™ pro PCR System, Eppendorf). 

3. DNA quantification instrument (e.g. Qubit, ThermoFisher Scientific) 

4. Bioanalyzer; e.g. 2100 Bioanalyzer (Agilent Technologies) 

5. Magnetic stands for PCR tubes/96well plates (e.g. LifeTechnologies) 



 
 

6. Magnetic stand for 1.5 ml tubes (e.g. DynaMag®, ThermoFisher Scientific) 

 

2.4.2 Reagents and consumables 

7. Sonication tube for fragment size of 200-250 bp, e.g. Snap Cap microTUBE (COVARIS Inc.) 

8. 10 mM TE (pH= 7.5-8.0, RT): 10 mM Tris-HCl, 1 mM disodium EDTA 

9. DNase free 0.2 ml PCR 8-strips 

10. NEBNext® Ultra DNA Library Prep Kit for Illumina® (New England BioLabs Inc.) 

11. NEBNext® Multiplex Oligos for Illumina®-Dual Index Primer Set 1 (New England BioLabs 

Inc.) 

12. Agencourt® AMPure® XP Beads (Beckman Coulter) 

13. 100 % EtOH 

14. DNA low-bind tubes (Eppendorf): PCR tubes, 1.5 ml tubes, 96 well plates 

15. Qubit dsDNA HS Assay Kit (ThermoFisher Scientific) 

16. Qubit assay tubes (ThermoFisher Scientific) 

17. High Senitivity DNA Analysis Kit (Agilent Technologies) 

 

2.5 Single-Cell CNV profiling analysis software tools 

1. Bowtie (sequence analysis software; 2.2.6 or later) 

2. R: The R project for statistical computing (or equivalent) 

3. University of California Santa Cruz (UCSC) Genome browser: https://genome.ucsc.edu/, hg19 

reference genome 

 

 

3. Methods  

The entire procedure from initial blood sample preparation to sequence-ready DNA library takes 

approximately 5 days of elapsed time, is visually summarized in Figure 1 and consists of the 

following major steps (the steps described in detail in this chapter are marked in bold letters): 

https://genome.ucsc.edu/


 
 

1. Blood sample collection (time to sample process of up to 48 hours to enable standard 

shipping conditions) 

2. Blood sample processing (half day of elapsed time, 45 minutes of hands-on/sample) 

3. Fluorescent staining (half day of elapsed time, 5 minutes of hands-on/slide) 

4. Whole slide imaging (1.5 hrs of elapsed time/2 slides) 

5. Technical analysis of COIs (5 min/slide) 

6. Single-cell isolation (3 min hands-on/cell) 

7. Whole genome amplification including cleanup (half day for 24 cells of elapsed time, 

2h of hands-on/24 cells) 

8. Library construction including sonication (2 days for 24 cells of elapsed time, 5h hands-

on /24 cells) 

9. Single-Cell CNV profiling 

 

Details for required steps to detect COIs on glass slides (steps 1-5 above) are provided in Marrinucci 

et al. (16) and are discussed briefly in section 3.1 below. The detailed protocol provided in sections 

3.2-3.5 below describes the necessary steps from isolation of a single candidate cell to genome-wide 

CNV analysis.  

 



 
 

 

Figure 1. Overview of the complete HD-SCA workflow. The HD-SCA workflow from a blood draw to a single-

cell CNV profile: Red blood cell (RBC) lysis is followed by plating of the entire PBMC fraction, fluorescent staining, 

full slide scanning and detection of COIs. The CTC detection is followed by single-cell extraction, next-generation 

sequencing and CNV profiling. In red: steps provided within this protocol: Single-cell extraction through 

micromanipulation, WGA, library preparation (including sonication) and single-cell CNV profile analysis. 

 

3.1 Summary of the HD-SCA workflow  



 
 

Blood is drawn in blood collection tubes (BCTs) containing a cell fixation and DNA stabilization 

reagent and then shipped in temperature controlled boxes to ensure preservation of intact cells and 

DNA. Samples are processed by plating of the PBMC fraction on customized adhesive glass slides 

after red blood cell (RBC) lysis.  

 

Slides are then stained for immunofluorescent identification of rare cells of interest among the white 

blood cell (WBC) population. Briefly, cells are fixed, permeabilized and afterwards fluorescently 

stained with antibodies against a pan-cytokeratin panel (targeting an epithelial-specific intermediate 

filament), CD45 (a leukocyte specific marker) and DAPI (4’,6-diaminido-2-phenylindole, a nucleic 

acid stain). The markers for identification can be adapted depending on the COI, hence specialized 

assays e.g. for melanoma cells (20) and endothelial cells (21) are available. An additional disease-

specific marker can be used as a forth channel marker to study the biology of the CTC. Fixation steps 

(chemically in the tube, physically on the slide and during staining) are not only necessary in order to 

identify potential CTCs, but also present a challenge, especially for the quality of downstream analysis 

(22). The immunofluorescence staining is followed by a high-throughput digital imaging pipeline. All 

images are stored and analyzed by an R-based software routine. 

 

Taken into consideration by the analysis algorithms are morphology data like nuclear size or shape 

and signal intensities or absence of the epithelial and leukocyte marker to identify cells distinct from a 

WBC. Finally the cells that have been calculated as rare events and probable high definition 

circulating tumor cells (HD-CTCs; CK
pos

/CD45
neg

 with distinct nuclear shape) are presented to a 

hematopathologically trained specialist for final technical analysis and classification. An example for 

different categories of CTCs analyzed by the HD-SCA workflow are displayed in Figure 2. The final 

result is an enumeration of all rare events within the entire PBMC cell population and a 

comprehensive morphometric data set for each cell. 



 
 

 

Figure 2. Categories of detected potential CTCs. These CTCs are representing the pleomorphic character of 

CTCs detected in the blood of a metastatic prostate cancer patient. Cells have been stained for nuclei (DAPI; 

blue), CD45 (green) and CK (red). Displayed are the composite and the single channel images. HD-CTC: 

CK
pos

/CD45
neg

 cells with a nuclear shape distinct from WBCs. CTC-Small: CK
pos

/CD45
neg 

cells with a small 

nucleus (WBC-like). CTC-LowCK: CK
neg

/CD45
neg

 cells with a nucleus at least double the size of a WBC. CTC-

cfDNA producing: CTCs undergoing apoptosis (CK
pos

/CD45
neg

 with irregular cytoplasmic or nuclear 

condensation) and about to release circulating tumor DNA. Scale bars equal 10 µm. 

 

For all cells on a slide, approximately 400 variables are detected and stored, including the position of 

each COI on the slide by their Cartesian coordinates. Two numerical coordinates define the exact 

position on the slide, using two perpendicular lines as reference axes. This coordinate system can be 

applied to any microscope without special instrumentation and allows the relocation of each cell 

further along the pipeline. In order to perform single-cell downstream analysis, COIs are relocated and 

imaged at high definition to enable subsequent correlation of genomic and morphological data. COIs 

are typically imaged at 400X magnification on a fluorescence microscope, but may also be analyzed 



 
 

through deconvolution or confocal microscopy. Each COI can then be isolated from the slide using the 

Cartesian coordinates and a micromanipulation station with a glass capillary and a hydraulic cylinder 

system. 

 

3.2 Single-Cell Isolation 

After a COI has been identified, cell isolation is started, but before isolation from the slide, reimaging 

of COIs at 400x magnification is recommended to achieve a high quality image. This enables future 

cytomorphologic downstream analysis of COIs. 

1. Prepare all buffers and keep them on ice and check oil level in micromanipulation system (if you 

intend to proceed with cell isolation after relocation and reimaging of the cell). 

2. Clean slide with 70 % ethanol (do not disturb coverslip) and remove dust with compressed air 

spray. 

3. COI is relocated using the imaging software ImagePro and a custom macro that uses a 

transformation matrix, which maps the coordinates between the scanning and reimaging 

microscope. 100X images from the scanning report are used to confirm the location. Detected 

offset can be applied to all other coordinates of COIs on this slide. 

4. Each cell position is confirmed and images are taken in each fluorescent channel using a 400X 

magnification until all COIs of the slide are imaged. 

5. Color composites and images of individual channels are stored in a database. 

Pause point: Slides can be stored in a dark and dry location for future downstream analysis. 

6. To proceed with cell isolation, clean all areas around the microscope station with DNA AWAY® 

and 70 % ethanol. Place a cover slip on the slide holder insert to provide PCR tube support. 

Prepare 0.5 ml PCR tubes using UV sterilization prior to use. 

7. Peel off nail polish from slide carefully without moving the cover slip (a scalpel may be useful). 

8. Place slide in 1X PBS in coplin jar in a tilted position until cover slip comes off (~10 min). 

9. Place slide (without coverslip) on microscope next to empty cover slip and add 1 ml of PBS-T to 

prevent cells from dehydration (refill if PBS-T starts to evaporate during longer cell extraction 

durations). 



 
 

10. Insert glass capillary into the micromanipulation arm. Ensure straight orientation of capillary.  

11. Use microscope software control box to turn on the live preview and choose brightfield with a 

20X objective lens; use stored coordinates to navigate to cell. 

12. Use control panels (one for oil pressure, one for capillary, one for microscopy stage) to navigate 

end of capillary in field of vision, but keep capillary above slide surface, but within PBS-T. 

13. Focus on capillary tip and adjust oil so that air (visible as dark mass) in the capillary moves close 

to tip opening. 

14. Focus on cell and slowly navigate capillary down and in front of cell as described and illustrated 

in Figure 3. 

15. Dislodge COI using capillary tip or use the tip to push other cells out of the way first (see Note 1). 

16. Position capillary tip right in front of loose COI and use oil pressure wheel to create suction and 

aspirate the COI into the capillary (make sure to ONLY aspirate the COI, not other cells!). Move 

capillary up (out of the PBS-T); do NOT move capillary in x and y direction!  

17. Place a PCR tube with open lid (opaque label facing up) on the cover slip next to the slide and 

place a 1 µl drop of cell deposition buffer (CDB) between the first two lines behind the opening of 

the tube. 

18. Now move microscope stage to steer the tube to the capillary tip to position CDB below tip. Do 

not touch the capillary tip with the tube. 

19. Focus on buffer drop (edge of drop has to be a sharp, dark outline) and move tip down until it is 

immersed in the drop. 

20. Focus on tip and use oil wheel to slowly release cell. Observe tip opening, watch the cell moving 

through the capillary and make sure it is in the drop. 



 
 

 

Figure 3. The Single-Cell Isolation Process. 1) The capillary is positioned inside the buffer solution above the 

cell of interest and 1a) set into focus. 1b) The oil adjustment wheel is used to move the air close to the capillary 

opening and then stabilized there. 2) The cell of interest (COI) is set into focus and the capillary tip moved down 

onto the slide 2a) to be in focus together with the COI. The capillary is used to loosen the COI and the oil wheel to 

create suction to 2b) aspirate the cell into the capillary. The capillary is moved up, out of the buffer. 3) A PCR tube 

is placed on a cover slip next to the sample slide. 3a) The edge of the 1 µl drop of TE buffer is set into focus and 

the capillary is lowered into the drop. 3b) The COI is released carefully by slowly turning the oil wheel to the “out” 

direction. 

 

21. Move tip up and the stage away from tip. Take the tube, and tap slightly on bench to let the drop 

with the cell move towards the bottom before closing the lid. Follow with a quick spin and store 

tube directly on dry ice.  

22. Mark cell in your software or database as ‘isolated’ and move to next cell position; repeat steps  

11-20. 

 

3.3 Whole genome amplification 

Following the extraction of single cells, whole genome amplification (WGA) and fragmentation by 

sonication is used to reach a sufficient amount of DNA in the required fragment length for single-cell 

sequencing. Since a diploid human cell only contains about 7 pg of genomic DNA, amplification is 



 
 

necessary prior to genetic variation analyses (23). An overview of all procedures involved in WGA 

and library preparation with time estimates are indicated in Figure 4.  

1. Clean all surfaces with DNA AWAY® and 70% EtOH. 

2. Thaw PCR tubes containing the single cell in 1 µl of TE, always add a sample for negative control 

(TE only) and positive control (1.5 µl gDNA). 

3. Add 1.5 µl of lysis buffer (1:1 DTT & KOH) & spin down (gently). 

4. PCR program: 95°C for 2 min. 

5. Cool tubes on a PCR cooler and prepare master mix: 

 Add 6.5  µl of 10 mM TE for each reaction 

 Add 1 µl 10X Single Cell Lysis & Fragmentation Buffer per reaction, mix thoroughly and 

spin down 

Add 7.5 µl of master mix to each reaction, including controls. 

6. PCR program: 99°C for 4 min (time sensitive: take samples out instantly and place on PCR 

cooler). 

Pause point: Store the reactions at -20°C or keep on a PCR cooler to continue immediately. 

7. Prepare master mix of: 

 2 µl of 1X Single Cell Library Preparation Buffer 

 1 µl of Library Stabilization Solution per reaction and mix thoroughly 

Add 3 µl of the mix to each reaction. 

8. Mix thoroughly and place in thermal cycler at 95°C for 2 min, cool samples on PCR cooler, spin 

down and store on PCR cooler. 

9. Add 1 µl of Library Preparation Enzyme to each reaction, mix thoroughly and spin down. 

10. Place samples in thermal cycler and incubate as follows: 

16°C for 20 min, 24°C for 20 min, 37°C for 20 min, 75°C for 5 min, 4°C hold. 



 
 

 

Figure 4. Whole genome amplification (WGA) and library preparation workflow chart. Overview and 

approximate timing estimation of all steps included in the process from extracted single cell to ready-to-sequence 

library. Time estimates are based on processing of 24 samples. 

 

 

11. Spin samples down.  

Pause point: Store at -20°C for up to three days or amplify immediately. 

12. Prepare master mix of: 



 
 

 7.5 µl of 10X Amplification master mix 

 48.5 µl of molecular grade water (provided in the kit) 

 5 µl of WGA DNA Polymerase 

per reaction and mix thoroughly. Add 61 µl of the mix to each reaction. 

13. Mix thoroughly, spin down and place in thermal cycler: 

95°C for 3 min, 24 cycles of: 94°C for 30 sec, 65°C for 5 min; then hold at 4°C. 

Pause point: Store the reactions at -20°C (pause point) or keep at 4°C to continue immediately. 

14. Prepare a 1.5 % agarose gel including gel stain. Mix 2 µl 5X loading dye with 8 µl DNA sample 

and load samples onto agarose gel. Add Quick-Load® 100 bp DNA Ladder in one well and run 

for 35 min at 90 V. 

15. Take image of agarose gel and evaluate samples: Successful WGA produces a continuous smear 

mainly between 150 and 1000 bp. If no smear is visible, WGA was not successful and sample 

cannot be used for library preparation (see Note 2 and Figure 7) 

16. Use QIAquick PCR Purification kit according to manufacturer instructions.  

17. Keep eluted DNA on PCR cooler and quantify all samples using e.g Qubit quantification system 

according to manufacturer instructions; note DNA concentrations in an excel sheet or similar 

form. 

 

3.4 Library Construction  

Before starting library construction all samples have to be adjusted to same concentrations to obtain 

equal number of reads per sample during sequencing. 

1. For each sample use 185 ng DNA input in 55.5 μl total volume, therefore calculate your sample 

volume and add 10mM TE buffer accordingly.  

2. Transfer all samples to a sonication tube suitable for your equipment, volume and fragment size 

(here: a COVARIS Snap Cap microTUBE). 

3. Follow the manufacturers protocol to reach a fragment size of approximately 200 – 250 bp and 

continue library preparation with fragmented DNA. 

4. Transfer the fragmented DNA samples to strips of 0.2 ml PCR tubes. 



 
 

5. Prepare a master mix using the NEBNext End Prep Kit: 

 3 μl End Prep Enzyme Mix  

 6.5 μl 10X End Repair Reaction Buffer 

Add 9.5 μl of mastermix to each 55.5 μl fragmented DNA, mix by pipetting and spin down. 

6. Place in a thermal cycler and incubate: 

20°C for 30 min, 65°C for 30 min, 4°C hold 

7. Prepare master mix: 

 15 μl Blunt/TA Ligase Master Mix 

 2.5 μl NEBNext Adaptor for Illumina 

 1 μl Ligation enhancer 

Add the 18.5 μl master mix immediately to the 65 μl of cooled down reaction mix. Total volume is 

83.5 μl.  

Mix by pipetting and spin down. 

8. Place in a thermal cycler and incubate at 20°C for 15 min, then place on PCR cooler. 

9. Add 3 μl of USER enzyme to each sample reaction mix.  

10. Spin down and incubate at 37°C for 15 min. 

Pause point: Store the reactions at -20°C or keep on PCR cooler to continue. 

11. Thaw reagents for step 12 for 30 min, keep DNA on PCR coolers until use. 

12. For AMPure XP bead size selection of adaptor ligated DNA, follow the manufacturer instructions 

to select fragments between 200 and 300 bp. Let beads and TE come to RT, vortex beads, prepare 

fresh 80% ethanol.  

At the end of the AMPure XP bead size selection protocol, elute in 17 μl TE and finally transfer 

15 μl to a new PCR tube for amplification. 

13. For PCR Enrichment of Adaptor Ligated DNA mix the following components in fresh sterile 

nuclease-free tubes (no master mix here!). Make sure to record index numbers for each sample and 

to assign to each reaction a unique combination of indexes within one set of libraries that is about 

to get pooled: 



 
 

 15 μl Adaptor Ligated DNA Fragments 

 25 μl NEBNext Q5 Hot Start HiFi PCR Master Mix 

 5 μl Index Primer/i7 Primer 

 5 μl Universal PCR Primer/i5 Primer 

 Total reaction volume: 50 μl 

14. Place in thermal cycler and run the following program: 

98°C for 30 sec; 7 cycles of: 98°C for 10 sec, 65°C for 75 sec; then final extension: 65°C for 

5 min and hold at 4°C. 

15. Use AMPure XP beads for PCR product cleanup: let beads and TE come to RT, vortex beads, 

prepare fresh 80 % ethanol. 

16. Transfer library into low-binding 1.5 ml tube, add 0.8 volume of beads (for 50 μl sample: 40 μl 

beads) to sample, mix thoroughly, but gently by pipetting up and down and incubate 5 min at RT. 

17. Spin down, place in magnet stand with open lid, incubate 5 min at RT, discard supernatant. 

18. Wash twice with 200 μl of 80% EtOH, incubate 30 sec, discard supernatant. 

19. Air dry beads for exactly 2 min with lid open on magnet.  

20. Remove tube from magnet and elute DNA in 35 μl TE, mix well, incubate for 3 min at RT, spin 

down, place in magnet, let sit for 5 min. 

21. Collect 32 μl supernatant, that contains the DNA, discard beads. 

22. Measure DNA quantity (e.g. Qubit); following the manufacturer’s protocol. 

23. Use a Bioanalyzer for analysis of size distribution by following the manufacturer’s instructions. 

24. Quality control of Bioanalyzer size distribution check: If the library preparation was successful, 

the lower and upper marker are framing a normal curve of distribution with a peak around 300-

400 bps (see Note 3). A low concentration of primer-dimers and adaptor dimers (<130 bps) might 

be observed right after the lower marker, but these low concentrations will be eliminated during 

the final cleanup.  

If single peaks are observed, especially in the area of short fragments (primer-dimer: ~80 bps or 

adaptor-dimer: ~130 bps) and no fragment distribution with a peak around 380 bps, library 

preparation was not successful. Examples for libray control results are displayed in Figure 5. 



 
 

25. Calculate the molarity of each library: 

 

𝑙𝑖𝑏𝑟𝑎𝑟𝑦 𝑛𝑀 =
[𝑄𝑢𝑏𝑖𝑡 𝑣𝑎𝑙𝑢𝑒 (

𝑛𝑔
𝑢𝑙

)] ∗ 1000

1
∗

1

649 (
𝑀
𝑏𝑝

)
∗

1000

𝑠𝑖𝑧𝑒 𝑜𝑓 𝑙𝑖𝑏𝑟𝑎𝑟𝑦 𝑝𝑒𝑎𝑘 (𝑏𝑝)
 

 

Pool all libraries at a final concentration of 10 mM using a volume of 5 μl/sample (dilute with TE 

buffer). 

26. Perform one last cleanup using the AMPure XP beads (repeat steps 15-18) with the total volume 

of all pooled libraries: 𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙. = 𝑁𝑟. 𝑜𝑓 𝑙𝑖𝑏𝑟𝑎𝑟𝑖𝑒𝑠 ∗ 5µ𝑙. 

27. Air dry beads for 2 min with lid open, elute DNA in the same volume of TE as the volume you 

started the cleanup with (𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙. ). Mix well, incubate for 3 min at RT, spin down, place in 

magnet, let sit for 5 min. 



 
 

 

Figure 5. Quality control of size distribution after library preparation using the Bioanalyzer. a) An example 

of a poor quality library with primer dimers (~80 bp) and a high number of adaptor dimers (~130 bp), both within 

grey encircled area. The concentration of the library is very low (represented by a fluorescent signal <10 FU), but 

the size (~350 bp) is correct. Even after an additional cleanup this library would not be sufficient for sequencing. 

b) Adaptor dimers and primer dimers are of very low concentration. Library shows a perfect size distribution with a 

peak around 380 bp and a high concentration (>200 FU). After the final cleanup, this library will be sufficient for 

next-generation sequencing. 

 

  



 
 

28. Collect as much supernatant (that contains the DNA) as possible without touching the beads, 

discard beads. 

29. Pooled library is ready for sequencing. Protocols for next generation-sequencing of libraries for 

CNV analysis are in detail described in Baslan et al. (here, DNA libraries were sequenced on the 

HiSeq2500 platform (Illumina) using single end read 50 base pair protocol (SR50)) (24). 

 

3.5 Single-Cell CNV profiling 

Single-cell CNV profiling has become a valuable tool in CTC research to monitor the evolution of 

disease during the course of therapy (25–27). It enables detection of new lineages or subclones 

appearing in the circulation that reflect changes in the tumor load that would not be easily detected by 

bulk based applications (27). As described by Dago et al. (25) such rare subclones may play an 

important role in chemotherapy resistance and disease progression and their early detection could thus 

greatly improve therapeutic outcomes.  

 

Procedures based on the protocols of Baslan et al. (24) are then performed to allow CNV profiling of 

single CTCs, and this reference provides method details for single-cell CNV profiling including all 

processing steps, software details and scripts. An overview of the single-cell CNV profiling process is 

provided here. After sequencing, results are transferred as a fastq-file, the open-source software 

‘Bowtie’ can be used to align the sequences to the reference genome ‘hg19’, which can be acquired 

from the UCSC Genome Browser. Before the sequences can be mapped, a set with an arbitrary 

number of ‘bins’ is created across the genome with each bin containing the same number of mappable 

positions (intervals of sequence reads). A high number of bins will allow for higher resolution but is 

also more sensitive for noise, which will lower confidence in observed events. A good balance 

between resolution and noise has to be determined and will differ on a cell to cell basis due to 

differences in whole genome amplification and sequencing efficiency. This concept of optimized 

sparse sequencing of single cells for copy number analysis has been developed by Navin et al. (28). In 

2012 Baslan et al. (24) improved the method for high-throughput, but low cost single-cell sequencing. 



 
 

The optimized method of sparse sequencing allows for accurate, but cost-efficient acquisition of CNV 

profiles even from single-cells. It requires 20 times fewer reads compared to Navin et al. (28) and only 

about 75 million bases instead of over 100 billion as is standard for whole genome sequencing (29).  

Once the binned data has been acquired, it can be simplified using mathematical segmentation (30). 

Segmentation quantifies the amplitude and location of copy number gains and losses across the 

genome, creating a genome-wide, numerical ‘CNV profile’ of each cell. CNV profiles, in form of 

numerical vectors, can be clustered to identify the lineage relationships among cells in a blood draw or 

to compare and contrast cells from different timepoints or different patients. The degree of similarity 

among groups of individual CNV profiles can reveal clonal and subclonal structures in the population 

that are typical of cancer. Among CTCs, the identification of complex clonal CNV profiles 

distinguishes the cancer cells from white blood cells or other cells in circulation that exhibit ‘flat’ 

profiles typical of normal diploid genomes with no significant copy number alterations (see Figure 6). 

 

Figure 6. Copy Number Variation (CNV) profile examples. a) An example of a complex genome with multiple 

copy number alterations consistent with a malignant CNV profile of a COI. b) The profile of a diploid genome 

derived from a white blood cell (WBC) with no large copy number variation. c) Various graphic programs can be 

used to visually display CNV profiles. Here the software CIRCOS (31) has been used to illustrate CNVs in each 

chromosome of the cell displayed in the center, which is the same cell-profile as shown in a).  

Most importantly, the tracking of single-cell CNV profiles across multiple timepoints during therapy 

provides an important ‘window’ into the genetic response of the cancer to treatment. Dago et al. (25) 

demonstrated that a cancer that was genetically stable for months can rapidly change its genomic 

make-up in response to treatment pressure. Although more work is clearly needed to understand how 



 
 

to translate these genomic changes into improved outcomes, we believe that a combined approach of 

proteo-morphometric and genomic analysis on the rare cells identified in the HD-SCA workflow will 

be a key component of real-time cancer diagnosis and targeted therapies.  

 

4 Notes  

1 Single-Cell Isolation troubleshooting 

 While using the capillary to push other cells out of the way or scraping the COI off, ensure to 

not have a cell stick to the capillary or aspirate loosened cells together with the COI. 

 When aspirating the COI into the capillary, ensure to turn the oil wheel until the cell is all the 

way out of the field of vision (about two full turns), then one quarter-turn backwards to stop 

the oil flow. 

 Not moving the capillary in x or y direction helps keeping the capillary in focus, enabling a 

faster process for depositing the COI in the CDB drop. 

 If the cell ‘disappeared’ in the capillary during the attempt to place it in the drop, it can be 

caused by one of three issues:  

1. Low oil level in the system 

2. Air bubbles in the hose of the oil system 

3. Oil and air bubbles in the capillary 

Check oil level before isolating cells. Remove air bubbles from oil supply hose and make 

sure to have no air trapped in the hose while inserting the capillary. Change capillary after 

a maximum of about 10 cells to prevent oil moving into the capillary (danger of 

contaminating the sample). 

 



 
 

Figure 7. Whole Genome Amplification (WGA) control gel. On the left is the DNA ladder, followed by 17 

samples, the gDNA control (C+) and the negative control (C-). The samples labeled in red (2, 13, 15) have no or 

only a very dim smear and therefore no sufficient amplification. In cells that show no smear, like in this example 

cells 2, 13, 15, cell transfer during isolation might have been incomplete or DNA quality of those cells insufficient. 

 

2 Whole genome amplification troubleshooting 

 If most samples show a smear, but a few do not (see Figure 7), it might be due to a loss of the 

cell during cell isolation. Make sure to observe the deposition of the cell into the buffer. 

 If no smear is visible, but primer dimers are: PCR worked, but cells have not been lysed 

properly. Ensure that 10X Single Cell Lysis & Fragmentation Buffer it thawn and mixed well 

before use until no precipitation is visible. 

 If neither smear nor primer dimers appear, the enzyme might not have worked sufficiently. 

Repeat 4 cycles of amplification PCR:  

95°C for 3 min, 4 cycles of: 94°C for 30 sec, 65°C for 5 min; hold at 4°C. 

Repeat agarose gel steps (3.2.: 14-15). 

If still neither smear nor primer dimers are visible, PCR has not worked and new reagents are 

required. 

 If the negative control shows a smear, water and TE have to be discarded immediately. Other 

components of the kit should be tested (buffers and enzymes) again with a new negative and 

positive control to make sure the contamination is eliminated before moving forward with 

valuable cells. If contamination continues, all used components have to be discarded. 

 If the positive control shows no smear, test the gDNA concentration using the Qubit. 

Concentration should be 5 pg/µl. Mix gDNA well before use. 

 

3 Library Construction troubleshooting 

 If amount of library is insufficient it could be caused by two things: Low quality or 

concentration of starting material. DNA input can be increased up to the maximum input in 

55 µl sample volume (without additional water). Due to some volume loss during sonication, 

60 µl can be used for sonication if the sonication protocol and tube size allows it. The quality 



 
 

of the starting DNA (WGA products) can be determined via Bioanalyzer. In addition, make 

sure calculations were correct, and that magnetic beads and TE were brought to RT. 

 To ensure that the final cleanup has successfully removed most primer and adaptor dimers, re-

test all final libraries on a Bioanalyzer. 

 If the Bionalayzer does not show a peak size of 300-400 bp (with a total library fragment 

range between 100 and 600 bp) the magnetic bead cleanup was not successful. During the 

cleanup ensure all components are brought to RT and that beads are vortexed well right before 

use. 
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IV. Publication of a side project during PhD 

Additionally to research regarding CTCs in CRC, a side project has been executed addressing the 

analysis of long non-coding RNA (lncRNA) expression in CRC and non-malignant tissue: 

lncRNAs in healthy tissue have prognostic value in colorectal cancer  

Thiele J-A, Hosek P, Kralovcova E, Ostasov P, Liska V, Bruha J, Vycital O, Rosendorf J, Kralickova M, 

Pitule P, lncRNAs in healthy tissue have prognostic value in colorectal cancer, Submitted to BMC 

Cancer: June 2018 (IF2017=3.28) 
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Abstract  

Background:  Colorectal cancer (CRC) is the third most frequent cause of cancer 

related death in Europe and clinically relevant biomarkers for therapy guidance and 

prediction of survival time are still rare. Long non-coding RNAs (lncRNAs) are a group of 



 
 

RNAs that are over 200 nucleotides long and not translated into proteins, but with the ability 

to influence biological processes. There is evidence for their involvement in cancer as 

oncogenes, tumor suppressors or as regulators of cell proliferation and metastasis 

development. 

Methods:  In this retrospective study we used a quantitative PCR approach to 

measure the expression of nine lncRNAs previously shown to be involved in cancer 

progression – ANRIL, CCAT1, GUS5, linc-ROR, MALAT1, MIR155HG, PCAT1, SPRY4-IT1 and 

TUG1, in paired healthy and tumor tissue samples of CRC patients. Association of expression 

and expression ratios with survival and clinical characteristics was assessed by statistical 

analysis using univariable Cox proportional hazards model, Kaplan-Meier estimation with 

Gehan-Wilcoxon test, Mann-Whitney U test, Kruskal-Wallis ANOVA and Spearman’s 

correlation. 

Results:  Comparison of expression in tumor tissue (TT) to healthy tissue (HT) 

showed significant upregulation of CCAT1 and linc-ROR in TT (p<0.001), whereas ANRIL, 

MIR155HG and MALAT1 were downregulated in TT (p=0.001, p=0.010, p=0.001, 

respectively). Linc-ROR was significantly associated with presence of synchronous 

metastases (p=0.036). For individual tissue types, lower MIR155HG expression in TT was 

correlated with shorter overall survival (p=0.008), and with shorter disease free survival 

(p=0.040). Within healthy tissue, expression ratios of CCAT1/ANRIL and CCAT1/MIR155HG 

revealed association with overall survival (p=0.005 and p=0.006). LncRNA expression ratios 

of selected lncRNAs in TT provided no information about patient’s survival.  

Conclusions:  Our results confirmed that changes of expression of lncRNA between 

HT and TT carry a high potential for their use as prognostic biomarkers in CRC patients. 



 
 

Moreover, ratios of CCAT1 with ANRIL and MIR155HG in HT also show potential as 

prognostic markers of high practical value as it might allow assessment without direct tumor 

sampling. This result also indicates that cancer progression is associated with detrimental 

system-wide changes in patient tissue, which might govern patient survival even after 

successful elimination of tumor or cancerous cells.  

Keywords: Colorectal carcinoma, lncRNA, lncRNA ratio, MIR155HG, CCAT1, PCAT1 

 

Background 

Colorectal cancer (CRC) was in the year 2017 predicted to be the second leading cause of 

cancer-related death in men and the third leading cause for women in Europe [1]. As early 

stages of CRC are usually asymptomatic and biomarkers for its early detection are missing, 

less than 40% of patients are diagnosed with localized disease, which has a severe impact on 

the patient´s 5 year survival rate – it drops from 90% for localized disease down to 12% for 

patients with distant metastasis [2–4]. Standard treatment options for CRC consist mainly of 

radiation therapy or surgical intervention. Unfortunately, for 80-90% of patients with liver 

metastases resection is impossible [5]. This severe threat makes it more pressing to discover 

new biomarkers and potential therapeutic targets to predict disease evolution and uncover 

the relationships of epigenetic regulation of gene expression promoting metastasis.  

After being brushed aside as ‘noise’ in the past, long non-coding RNAs (lncRNAs) have now 

been rediscovered as regulators of gene expression and are often abnormally expressed in 

tumor tissue [6]. In many studies from the last few years researchers try to uncover 

functionalities of lncRNAs to elucidate how they regulate gene expression, apoptosis or 

proliferation and to determine their role in the metastatic potential of cancer cells [7–13]. 



 
 

Based on the results of many of these studies we chose a set of nine lncRNAs for a study on 

Czech CRC patients across all American Joint Committee on Cancer (AJCC) stages (references 

and functions for each selected lncRNA are stated in additional file 1). The lncRNAs were 

chosen according to their potential to promote or influence CRC progression in general 

(Taurine Up-Regulated 1 (TUG1), Growth arrest-specific 5 (GAS5) and Metastasis Associated 

Lung Adenocarcinoma Transcript 1 (MALAT1)) [10,11,14,15] or through cell proliferation 

(sprouty homolog 4 intronic transcript 1 (SPRY4-IT1)), GAS5 and Colon Cancer Associated 

Transcript 1 (CCAT-1)) [10,12,16], cell migration (CDKN2B antisense RNA 1 (ANRIL)) [17], 

apoptosis (Prostate Cancer Associated Transcript 1 (PCAT1)) [8], being a regulator for known 

tumor suppressors like p53 (Long Intergenic Non-Protein Coding Regulator of 

Reprogramming (linc-ROR)) [18] or inhibiting epithelial-mesenchymal transition (EMT) in 

other cancer types (MIR155 Host Gene (MIR155HG)) [19]. 

In oncological studies addressing lncRNAs, the common approach is to analyze differential 

expression between tumor and healthy tissue [8,9,20]. However, the use of normalized gene 

expression levels within individual tissue types has also been proven helpful in detecting 

metastatic risk in CRC [21], but not explored yet using lncRNAs. Expression ratios of two non-

reference genes are also already applied in clinical practice for many cancers. For example, 

the diagnosis of mantle cell lymphoma through measuring the ratio of cyclin D1 and cyclin 

D3 (CCND1/CCND3) in tissue samples, peripheral blood or bone marrow [22]. However, to 

our knowledge it was again not applied to lncRNAs. 

The aim of our retrospective study is to correlate expression levels of the selected lncRNAs 

(ANRIL, linc-ROR, CCAT1, PCAT1, SPRY4-IT1, TUG1, GAS5, MALAT1 and MIR155HG) measured 

by q-RT-PCR with survival and pathological features of CRC patients. To explore the potential 

of lncRNAs as biomarkers, we analyzed their differential expression in tumor tissue (TT) in 



 
 

respect to healthy tissue (HT), their normalized expression in individual tissue types as well 

as expression ratios of pairs of lncRNAs in HT and TT separately.  

 

Methods 

Patient Cohort: 

In this retrospective study we analyzed 63 adult patients from the Czech Republic with 

confirmed colorectal cancer operated between September 2012 and February 2014 at 

University hospital in Pilsen. All patients enrolled in the study agreed to the processing of 

their samples by signing informed consent and the study protocol was approved by the 

ethics committee of the Faculty of Medicine and University Hospital in Pilsen and complies 

with the International Ethical Guidelines for Biomedical Research Involving Human Subjects. 

Matching tissue samples from tumor and macroscopically healthy mucosa from the resected 

part of the colon (sampled as distant from the tumor as possible) were collected at the 

University Hospital in Pilsen during colorectal tumor resections. Anonymized clinical data 

were retrieved retrospectively from the hospital information system. An overview of 

characteristics of this cohort is presented in Table 1. 

Table 1 | Descriptive statistics for the analyzed patient cohort of colorectal cancer patients 

Characteristic 
Category No.  % 

Gender 
F 24 38.1 

M 39 61.9 

Age (in years) 

30 - 50 8 12.7 

50 - 70 32 50.8 

>70 23 36.5 

T Stage 

T1 1 1.6 

T2 14 22.2 

T3 40 63.5 

T4 6 9.5 



 
 

Unknown 2 3.2 

N Stage 

N0 39 61.9 

N1 13 20.6 

N2 10 15.9 

Unknown 1 1.6 

M Stage 

0 47 74.6 

1 11 17.5 

Unknown 5 7.9 

Tumor 
Grade 

G1 12 19.0 

G2 42 66.7 

G3 5 7.9 

Unknown 4 6.3 

AJCC 
Staging 

I 11 17.5 

II 19 30.2 

III 14 22.2 

IV 11 17.5 

Unknown 8 12.7 

 

RNA extraction: 

Frozen tissue samples of tumor or healthy mucosa were ground in liquid nitrogen and 

transferred into 1 ml of chilled TRI Reagent®RT (Molecular Research Center, Inc., Cincinnati, 

USA). RNA was then extracted following the manufacturer´s protocol and resuspended in 

molecular grade water. Isolated RNA was stored until further use in -80°C freezer. 

RNA concentration was measured at the Infinite M200 (Tecan Trading AG, Männedorf, 

Switzerland) in the NanoQuant setting (260 nm absorbance) and purity determined by 

230nm/260nm absorbance ratio. RNA integrity was tested by agarose gel electrophoresis. If 

degradation was detected, samples were not used for further analysis.  

RT-PCR: 

Reverse transcription PCR was performed using the RevertAid First Strand cDNA Synthesis 

Kit (ThermoFisher Scientific, #K1622) and 500 ng of total RNA in 20 μl reverse transcription 

reaction. Combined oligo(dT) and random hexamer primers were used, each in 2.5 µM final 



 
 

concentration, to prime the reverse transcription to transcribe both mRNAs and lncRNAs. 

Reverse transcription and quality control PCR were performed in the T100 PCR system (Bio-

Rad, ThermoFisher Scientific Inc., Waltham, USA). Quality and purity (absence of DNA 

contamination) of the cDNA was controlled by PCR using the PPP MasterMix (Top-Bio, s.r.o., 

Czech Republic) with the GAPDH primers from the RevertAid First Strand cDNA Synthesis Kit. 

Control PCR was ran for 40 cycles in 10 μl reactions using 5 μl of PPP MasterMix, 3.5 μl 

molecular water and 0.5 μl GAPDH primer mix with 1 μl of sample or reverse transcriptase 

negative control.  

Quantitative-PCR (qPCR): 

For the evaluation of lncRNA expression, gene-specific TaqMan® Gene Expression probes 

from ThermoFisher (ThermoFisher Scientific Inc., Waltham, USA) were used. Tested targets 

were MIR155HG (assay ID Hs01374569_m1), TUG1 (Hs00215501_m1), GAS5 

(Hs03464472_m1), ANRIL (Hs04259476_m1), MALAT1 (Hs01910177_s1), SPRY4-IT1 

(Hs03865501_s1) and PCAT-1 (Hs04275836_s1). The probes for CCAT1 and LINC-ROR were 

ordered from GeneriBiotech (GENERI BIOTECH s.r.o, Hradec Králové, Czech Republic), order 

number 00491-14, assay ID hCCAT1_Q1 (reference sequence NR_108049.1, amplifying all 

transcript variants of CCAT1) and assay ID hLINC-ROR_Q2 (reference sequence 

NR_048536.1) for LINC-ROR. As reference genes we used GAPDH (assay ID Hs02758991_g1), 

ACTB (Hs01060665_g1) and GUSB (Hs00939627_m1). 

Expression of lncRNAs was measured in 10 µl in 96 well plates in duplicates with the 

following reaction parameters: 2 min at 50°C holding, 10 min at 95°C holding, then 42 cycles 

of: 15 sec at 95°C and 1 min at 60°C. We used the AppliedBiosystems® (AppliedBiosystems 

Corp., Foster City, USA) 7500 Fast Real-Time PCR cycler together with TaqMan® Gene 



 
 

Expression Master Mix (ThermoFisher Scientific Inc., Waltham, USA) in standard ramp speed. 

All sample cDNA has been diluted 1:75 using 0.1 µg/ml yeast tRNA (ThermoFisher Scientific 

Inc., Waltham, USA) in nuclease free water. Each reaction contained 4.5 µl of diluted sample, 

5 µl of TaqMan® Gene Expression Master Mix and 0.5 µl of the particular probe. Data 

analysis and manual quality control of automated thresholding was performed in the 7500 

Software.  

Statistical analysis: 

Duplicates of Ct values were averaged before further processing. Ct values of all three 

housekeeping genes were averaged and the result used as the final reference, i.e. Ct(ref). All 

subsequent analyses were performed with Ct values and their differences, in particular: (i) -

∆∆Ct representing expression fold change (i.e. differential expression) in TT with respect to 

HT (-∆∆Ct = [CtHT(lncRNA) - CtHT(ref)] - [CtTT(lncRNA) - CtTT(ref)]); (ii) -∆Ct representing 

normalized expression in a single tissue type (-∆Ct = Ct(ref) - Ct (lncRNA)); and (iii) negative 

value of the difference of lncRNA Ct values representing their ratio. The results of the 

analyses were converted into fold changes, normalized expressions and expression ratios as 

the last step before presentation while assuming 100% PCR efficiency (fold change = 2-∆∆Ct; 

normalized expression = 2-∆Ct; (expression A)/(expression B) = 2Ct(B)-Ct(A)). 

Standard frequency tables and descriptive statistics were used to characterize the patient 

cohort. Significance of up- or down-regulation of the lncRNAs in TT was assessed by testing 

the -∆∆Ct values against zero location with Wilcoxon signed-rank test. Associations between 

expression descriptors and other clinical characteristics were analyzed using Mann-Whitney 

U test, Kruskal-Wallis ANOVA and Spearman’s correlation. 



 
 

For the purpose of survival analysis, disease-free survival (DFS) was determined from the 

date of surgery to the date of disease recurrence or death. The date of recurrence was set to 

the average date between the last negative and the first positive examination if the interval 

between the examinations was 180 days or less. In cases of longer examination interval, the 

recurrence date was set 90 days before the first positive examination. Overall survival (OS) 

was determined from the date of surgery to the date of death. Median follow-up was 

determined using the inverse Kaplan-Meier method. The significance of associations 

between lncRNA expression descriptors and survival times was assessed using univariable 

Cox proportional hazards model. In order to visualize these associations with Kaplan-Meier 

survival estimation plots, a threshold value needed to be set for each prognostic variable 

and the patients had to be stratified in two groups according to it. This threshold was found 

through automated optimization process implemented in Matlab (2014a, MathWorks Inc., 

Natick, MA, USA), in which the threshold value producing the smallest Log-rank p-value was 

determined and selected.  

All reported p-values are two-tailed and the level of statistical significance was set at α = 

0.05. Statistical analysis was performed in Statistica (ver. 12 Cz, TIBCO Software Inc., Palo 

Alto, CA, USA). 

Results 

Patient characteristics 

For our patient cohort the median overall survival and DFS has not been reached. The 

median follow-up time was 4.6 years. In our patient cohort we observed a three year OS of 

85.1% and three-year DFS of 72.8%. 

 



 
 

Expression fold change of lncRNAs in tumor tissue compared to healthy tissue  

Quantitative PCR analysis showed differences in the lncRNA expression between the tested 

HT and TT samples (see Figure 1). Overexpression in TT is observed for the lncRNAs CCAT1 

(p<0.0001) and linc-ROR (p=0.0009). Significant downregulation in tumor tissue is observed 

for the lncRNAs ANRIL (p=0.0014), MIR155HG (p=0.0101) and MALAT1 (p=0.0006). 

 

 

Figure 1 | Expression of nine lncRNAs in tumor tissue compared to healthy tissue. Boxplots of nine lncRNAs 

showing the fold change of their expression in tumor tissue vs. healthy tissue. Significantly up- or 

downregulated lncRNAs (p < 0.05) are marked with the respective patterns.  

 

When investigating the expression of lncRNAs as a continuous predictor of DFS and OS using 

univariable Cox proportional hazards model, significant associations with DFS were observed 

for MIR155HG (p=0.0402) with a log2 hazard rate (HR) of 0.681 (the risk of disease 



 
 

progression is decreased by 31.9% each time MIR155HG expression fold change is doubled) 

and for PCAT1 (p=0.0441) with a hazard rate of 0.731. Association with OS was only 

observed for MIR155HG (p=0.0079) with a hazard rate of 0.568). 

 

 

Figure 2 | Association between MIR155HG and PCAT1 expression fold change and survival. a) Kaplan Meier 

curve using optimized thresholds for fold change of MIR155HG and its association with OS and b) fold change 

of PCAT1 and its association with DFS 

 

Subsequent comparison of Kaplan-Meier survival curves (Fig. 2) in patient groups based on 

lncRNA expression using an optimized threshold confirm the association between MIR155HG 

expression change and OS (p=0.0059, Fig. 2a) and PCAT1 expression change and DFS 

(p=0.0113, Fig. 2b).  

When analyzing the associations of lncRNA expression changes with clinical characteristics 

(Fig. 3), we detected that the fold change of linc-ROR in TT compared to HT varies 

significantly between the four AJCC stages (Kruskal-Wallis: p=0.0126, Fig. 3a) and linc-ROR 

fold change is significantly higher in patients without distant metastases (Mann-Whitney U: 

p=0.0330, Fig. 3b). The expression change of MALAT1 varies significantly between T stages 



 
 

(Kruskal-Wallis: p=0.0312, Fig. 3c) and is significantly different between T3 and T4 (p=0.0244, 

Multiple rank comparison). ANRIL fold change in TT is significantly higher in patients without 

lymph node involvement (Mann-Whitney U: p=0.0424, Fig. 3d). Also, an indication of a 

relationship between MIR155HG and M was observed, although without statistical 

significance (p=0.0612). Concerning other lncRNAs, Spearman correlation showed that with 

rising age TUG1 is more likely to be higher expressed in TT (p=0.0362, additional file 2). 

 

 

Figure 3 Ι Significant associations between expression fold change in TT vs. HT of the lncRNAs and tumor 

staging. Displayed is the ratio between healthy tissue (HT) and tumor tissue (TT). A value above 1 represents 

elevated expression in TT. a) The change in expression of linc-ROR differs significantly within the categories of 

AJCC staging and was largest in AJCC stage 3 samples. b) The expression change of linc-ROR is significantly 



 
 

higher in patients without distant metastases. c) For MALAT1 the fold change varies significantly between the T 

stages. d) ANRIL expression change is significantly higher in patients without lymph node involvement (N0). 

 

No correlation was detected between any lncRNA expression change and gender or cancer 

grade (G). 

Expression of lncRNAs in healthy and tumor tissue  

As a next step we analyzed the normalized expression of the nine tested lncRNAs in the two 

separate tissue types to test if their relative expression was associated to survival and/or 

clinical data. 

Significant association for lncRNA expressions with OS has been detected using univariable 

Cox proportional hazard model for CCAT1 in HT (p=0.0329) with a HR of 0.634 (hazard drops 

by 36.6% every time CCAT1 expression in HT is doubled) and MIR155HG in TT (p=0.0464; 

HR=0.595). Patients with high expression of MIR155HG in TT are more likely to survive 

longer than those with low MIR155HG expression. Yet, patients with high CCAT1 expression 

in HT have a significant shorter OS. These associations have been visualized in Kaplan-Meier 

plots after applying an optimized threshold (Fig. 4a and b). The resulting survival curves 

confirm distinct differences in OS in relation to the expression of CCAT1 in HT (p=0.0017) and 

MIR155HG in TT (p=0.0154). 

 

  



 
 

 

Figure 4 Ι Associations of lncRNA normalized expressions in HT and TT with survival. a) Kaplan Meier curve for 

association of CCAT1 expression in HT with OS and b) Kaplan Meier curve for MIR155HG expression in TT and 

its association with OS. 

 

For lncRNA expressions in HT, linc-ROR shows significant differences in between the four 

AJCC stages (Kruskal-Wallis: p=0.0365, Fig 5a).  

In TT MIR155HG is significantly more expressed in patients without metastases (M0) 

compared to those with metastases (Mann-Whitney U: p=0.0121, Fig. 5b). Expressions of 

linc-ROR and MALAT1 in TT are varying significantly within different tumor grades (Kruskal-

Wallis: p=0.0348 and p=0.0454, Fig. 5c and d). Linc-ROR shows the highest expression in G3 

tumors and MALAT1, which is down regulated in tumor tissue, is declining with tumor grade 

and is lowest in G3.  



 
 

 

Figure 5 Ι Associations of lncRNA expressions in HT and TT with tumor characteristics. Displayed are the 

relative expression values in the respective tissue grouped by different clinical characteristics. A higher value 

corresponds to higher expression. a) The expression of linc-ROR in HT differs significantly within the categories 

of AJCC staging. b) The expression of MIR155HG in TT is significantly higher in patients without distant 

metastases. c) linc-ROR expression differs also significantly in TT between different tumor grades. d) MALAT1 

expression in TT is on the edge of being associated to varying tumor grades 

  



 
 

Expression ratios of two lncRNAs in healthy and tumor tissue 

 

To analyze the power of combining multiple lncRNAs, we used the ratio of two expression 

values and calculated the p-values for all possible combinations in HT and TT using 

univariable Cox proportional hazard model. Due to the large-scale approach the threshold 

for significance was adjusted to α=0.01 (i.e. p<0.01 was considered significant), but all p-

values below 0.05 are discussed. After testing all combinations of lncRNA ratios, we found no 

association (neither p<0.01 nor p<0.05) with DFS or OS in TT. 

For lncRNA expression ratios in HT, two ratios were significantly associated with OS, 

CCAT1/ANRIL (p=0.0054) with an HR of 0.646 (hazard drops by 35.4% every time the ratio is 

doubled) and CCAT1/MIR155HG (p=0.0059; HR=0.680). Four more ratios showed an 

indication of possible association with OS with a p<0.05 (Fig. 6a): CCAT1/GAS5 (p=0.0197; 

HR=0.672), MALAT1/ANRIL (p=0.0243; HR=0.641), SPRY4-IT1/ANRIL (p=0.0386; HR=0.665) 

and MALAT1/MIR155HG (p=0.0486; HR=0.651). 

 



 
 

 

Figure 6 Ι Associations of expression ratios of two lncRNAs in HT with OS. a) Displayed are all possible 

expression ratios of the nine lncRNAs in a grate with their univariable Cox proportional hazard model p-values 

for association with OS. Each cell contains the p-value of the expression ratio of lncRNAs stated in the 

appropriate row and column headings. The p-values are identical for reciprocal ratios, i.e. for X/Y and Y/X. b) - 

d) Kaplan-Meier curves with an applied optimized threshold b) expression ratio of CCAT1/ANRIL in HT 

association with OS, c) CCAT1/MIR155HG in HT with OS and d) MALAT1/ANRIL in HT with OS. 

 

When an optimized threshold was applied for Kaplan-Meier curves, the most significant 

prognostic ratio for survival (CCAT1/ANRIL) shows weak association with OS (Gehan-

Wilcoxon: p=0.0020, Fig. 6b), but the ratios CCAT1/MIR155HG and MALAT1/ANRIL show a 

stronger association with OS (Gehan-Wilcoxon: p<0.001, Fig.6c and d). More Kaplan-Meier 

curves for lncRNA ratios can be found in additional file 3. 



 
 

 

 

Figure 7Ι Expression ratios of two lncRNAs in HT. a) Displayed are the six lncRNA expression ratios in HT that 

are significantly or potentially associated with OS. For the ratios featured in Fig. 6 the values of the optimized 

threshold used for the Kaplan-Meier curves are also shown. b) Scatter plot for the correlation of the two most 

prognostic ratios in HT that are associated with OS. c) Scatter plot for the two relative expression values of 

lncRNAs in HT involved in the two strongest ratios except CCAT1. d) The ratio of MALAT1/ANRIL is associated 

with tumor stage and is decreasing with rising tumor staging. e) The expression ratio CCAT1/ANRIL is 

decreasing significantly with higher AJCC stage (Spearman: p=0.0072). 

 

All ratios of HT lncRNA expression that are associated with OS are displayed in Fig. 7a. The 

two ratios with the highest association to OS show a strong mutual correlation 

(CCAT1/MIR155HG and CCAT1/ANRIL, p<0.001, Fig. 7b). This is due to two factors – first, 

CCAT1 being involved in both ratios, and second, relative expressions of the two differing 

lncRNAs being also moderately correlated (Fig. 7c). This indicates that both ratios might 

redundantly express the same prognostic feature.  



 
 

The six most prognostic expression ratios in HT (two that showed associations with survival 

and four on the edge of significance) have been tested for correlations with clinical 

information. Association with T stage was detected for MALAT1/ANRIL (p=0.0064, Fig. 7d) 

with a strong trend to decrease with rising tumor stage (Spearman: p=0.0003).  

Four expression ratios showed an association with AJCC stage of the tumor. The strongest 

association with AJCC stage showed the ratio CCAT1/ANRIL with the trend to decrease with 

rising AJCC stage (p=0.0072, Fig. 7e), second strongest has CCAT1/MIR155HG (p=0.0218) 

followed by MALAT1/ANRIL (p=0.0239) and SPRY4-IT1/ANRIL (p=0.0337). Displayed in Figure 

7 are just the strongest associations with clinical characteristics. Further data and figures for 

associations of lncRNA ratios of HT with clinical characteristics can be found in additional file 

3. 

No association was found for any of the tested ratios with G, N, M and age. 

 

Discussion 

Advanced colorectal cancer represents an often lethal disease, especially when metastasis 

has occurred – in that case, 5-year survival rate drops to 12% and in many cases resection 

turns out to be impossible. Thus the main goal in CRC research right now, apart from 

invention of new treatments, is early diagnosis and discovery of new predictors to allow to 

use already existing treatments efficiently or to allow precise prognosis for the development 

of the disease for improvement of patient’s quality of life. Given the emerging role of 

lncRNAs as important epigenetic regulators of tumor development and disease progression 

in multiple cancers, we aimed to explore the full potential of lncRNA expression and 

discovered several significant and potentially useful associations. 



 
 

Differential expression values in TT compared to HT 

In our study we confirmed that one of the best known lncRNAs in CRC, CCAT1 has been 

upregulated in TT, similarly to previously published results [16]. CCAT1, also known as 

CARLo-5, is a lncRNA of the human gene desert region 8q24.21, that contains enhancers and 

lncRNAs, that have shown relevance in colorectal cancer and is known to influence cell 

growth and invasiveness in CRC [16,20]. However, in our study its differential expression in 

TT was not associated with survival.  

The strongest association with survival was shown by the lncRNA MIR155HG (MIR155 host 

gene). This lncRNA is processed into microRNA miR-155 [23] that has been identified as a 

negative regulator of the tumor protein 53 (TP53) and mismatch repair (MMR) genes 

[24,25]. It is also known to be upregulated in many cancers and to promote migration and 

invasion of CRC cells [26]. However, latest studies have shown that miR-155 may also work 

as a tumor suppressor. Kim et al. have shown that miR-155 loss promotes tumor growth and 

Liu et al. that overexpressed miR-155 leads to apoptosis and suppresses cell proliferation 

[27,28]. Our comparison of MIR-155HG expression in tissues showed a downregulation in TT 

and the lower expression in TT was associated with shorter OS and DFS. Considering that 

MIR155HG transcript is processed into miR-155, these findings support the observation that 

miR-155 might work as a tumor suppressor. On the other hand, high rate of processing of 

MIR155HG into miR-155 might lead to reduced number of full MIR155HG transcripts present 

in the tissue. In either case the lncRNA MIR155HG may be a promising biomarker for a 

longitudinal study with early stage patients, to investigate its potential to predict metastasis 

formation before it’s clinically detectable. Moreover, as MIR155HG expression is an 

independent predictor of OS and, being not associated with age, it might be useful for 

decision making for palliative therapy or any therapy at all when coupled with other 



 
 

predictors of patient survival like age or overall physical health to improve patient’s quality 

of life.  

Correlation analysis of MIR155HG fold change with the other lncRNAs indicated a co-

regulation with ANRIL in TT (p<0.001, Spearman test). As stated above, MIR155HG could be 

processed into miR-155 and this conversion has been identified as a driver for EMT in glioma 

[19]. ANRIL has been identified in pancreatic cancer to influence the cadherin-switch 

through inhibiting ATM-E2F1 and thereby activating EMT [29] so their correlation might be 

indicative of EMT in the tumor and thus representative for the tumor’s metastatic potential. 

This is in line with results of the two published articles about ANRIL in CRC patients where 

ANRIL upregulation in CRC TT was associated with shorter survival and lymph node 

metastasis [17,30]. In our cohort ANRIL also significantly varies in N stages of CRC patients, 

but its differential expression is decreased in patients with lymph node metastasis. Our 

patient cohort has a different ethnical background and higher average age than those in the 

previously published CRC studies. ANRIL is also an epigenetic regulator of the tumor 

suppressor CDKN2A/B and is therefore influencing cell proliferation [31]. However, 

Cunnington et al. observed that specific genetic variants may influence ANRIL expression and 

lower expression of ANRIL was associated with diseases like melanoma and cardiovascular 

disease [32].  

Linc-ROR has been shown to act as a repressor of p53 in CRC and also as a ‘sponge’ for the 

tumor suppressor miR-145. MiR-145 downregulates OCT4 and SOX2 through mRNA binding 

and degradation [18,33,34]. Our results confirm the upregulation of linc-ROR in tumor tissue 

of CRC patients across all stages. Looking at the AJCC stages and metastasis status however, 

we observed an association of higher linc-ROR expression in patients without distant 



 
 

metastases and lower AJCC stages, though we do have to report that there were only six 

patients in the AJCC4 / M1 group. 

PCAT1 was found to be upregulated in CRC and associated with poor survival [35], but this 

was not observed in our cohort. Higher PCAT1 expression was associated to longer DFS. This 

observation disagrees with its described function to repress the tumor suppressor BRCA2 

and being a sponge for microRNAs of the cell growth pathway [36,37], showing potentially 

additional functions of PCAT1 in CRC.  

In our study we have not observed TUG1 to be expressed differently in TT or associated with 

survival or other clinical characteristics except age although according to existing studies it 

should be significantly upregulated in TT and cell line experiments showed that TUG1 

promotes cell proliferation and colon cancer cell migration [38,39]. 

SPRY4-IT1 has been demonstrated to predict poor prognosis in CRC and promotes metastasis 

by enhancing cell proliferation, EMT gene expression and invasion [12,40]. Our differential 

expression values for SPRY4-IT1 in TT show an upregulation (the median is above 1), but this 

was not significant in our samples. Possibly a larger cohort size would enhance significance. 

LncRNA GAS5 has been reported to be less expressed in TT and negatively correlated with 

OS and cell line experiments point out that high GAS5 expression reduces apoptosis and cell 

growth in CRC. [41]. In our study GAS5 was equally expressed in HT and TT and did not show 

any association with survival or tumor stage. 

In our comparative analysis between tissues, we also detected additional results 

contradicting current literature. MALAT1 is known to be upregulated in many cancers and 

associated with poor survival and tumor growth [15,42]. In our study it is significantly, 

despite only minimally downregulated in TT compared to HT, but then regarding T-staging, it 



 
 

is significantly upregulated in T4 stage, which supports its promotion of tumor growth. A 

challenge in our cohort is the small group of progressed patients with metastases or large 

tumors, whereas the stated MALAT1 studies are usually composed of mainly T4 stage with 

lymph node involvement [15]. Additionally, recent results are supporting this theory by 

observing that MALAT1 expression is lower in tissue samples with M0 stage or N0, but that 

high expression is associated with distant metastases in the lung or liver [43]. 

 

Normalized expression in TT and HT 

In addition to comparison of healthy and tumor tissue, we focused our study also on the 

individual tissue types and compared expression levels of target lncRNAs within the healthy 

or tumor tissue. In case of healthy tissue, we cannot exclude the possibility of 

micrometastatic infiltration, but the samples were macroscopically healthy. Information 

from the healthy tissue can describe the fitness of the normal tissue and therefore may have 

an effect on the patient´s prognosis. The normalized expression values showed only weak 

associations with survival and clinical characteristics. As stated above, differential expression 

of CCAT1 was not associated with survival. However, increased expression of CCAT1 in HT 

alone (but not in TT) showed significant association with shorter OS. To our knowledge, this 

type of analysis of normalized lncRNA expression in HT has never been considered before 

and the unexpected result might open the door to a completely new approach to lncRNA 

expression assessment in cancer. Additionally, linc-ROR expression in HT was significantly 

different through the AJCC stages, and while linc-ROR expression in TT was rising from AJCC1 

till AJCC3, it was decreasing in HT. In the tumor tissue only, lower MIR155HG expression was 



 
 

weakly associated with shorter OS, which is a novel finding supporting the recent evidence 

of tumor suppressor role of MIRH155HG.  

 

lncRNA expression ratios 

Our results prove that lncRNAs can function as biomarkers especially in HT and that even 

some that had no significant association while comparing expression in tissues or by itself in 

HT are now part of a strongly predictive ratio, like CCAT1 or ANRIL in HT. For others, like 

MIR155HG, the association with survival is now enhanced when used in an expression ratio 

in HT. Especially the lncRNAs MIR155HG, CCAT1 and ANRIL are early stages markers of 

cancer development that are responsible for promoting proliferation and migration (CCAT1, 

ANRIL) or are known to be observed to subsequently lead to disease (MIR155HG).  

Conclusions 

LncRNAs are emerging markers for various tumor types and they are starting to be used 

alongside the protein-coding genes for disease prognosis and prediction of treatment effect. 

In addition to the well-established differential expression between tumor and healthy tissue, 

the potential of lncRNAs in HT only should be studied in more detail, as it may give us 

information about the fitness of the macroscopically healthy tissue that will impact the 

patient´s prognosis after the tumor removal.  

The results of this study show that a large scale lncRNA study might reveal advances of 

multi-variable analysis where larger patient groups show various combinations of lncRNA up- 

or downregulation. The approach of using expression ratios instead of fold-change data has 

great advantages. First, it allows biomarker analysis by q-PCR without having to rely on the 

stability and validation of housekeeping genes expression which represents a common 



 
 

challenge and risk for misinterpretation in qPCR experiments [44]. Second, if two genes are 

combined in an expression ratio that have opposite prognostic effects it will enhance the 

predictive power immensely without additional markers or effort needed.  

A prospective study with CCAT1/ANRIL and CCAT/MIR155HG ratios in healthy tissue 

concerning their role in survival prediction should be conducted to confirm our results. The 

two main players MIR155HG and ANRIL should be further analyzed regarding their pathway 

interaction and their influence of tumorigenesis. For observation of patients after tumor 

resection of CRC, PCAT1 and MIR155HG could serve as predictive biomarker in the clinic for 

probable survival time and metastatic potential in CRC patients.  

Closing, we do want to point out that our patient cohort was very limited, heterogeneous 

and the length of patient follow-up time was mediocre in relation to the OS and DFS times. 

Also our cohort is racially homogeneous and results might not transfer to other ethnical 

groups. In future studies we would also recommend to include follow up sampling, blood 

sample analysis (as an easy accessible source of healthy cells) and consideration of therapy.  
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