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 Defining CTCs, currently.. 

• Molecular imaging of enumerate and 
monitor CTC levels in blood 

• Proven prognostic value in early and 
metastatic breast cancer (n=6825; Zhang 
L., Cli Cancer Res, 2012) 

• Varying degrees of concordance with 
molecular markers of primary tumours 

– Subclonal detection 

• Predictably, individual cells reflect the 
heterogeneity and evolution of tumour 
cells during cancer progression 

• Hypothesis: A degree of commonality is 
also palusible, highlighting alterations that 
allow tumour cells to preferentially 
perform CTC-defining activities 

– Motility 

– Intravasation/extravasation 

– Survival/Chemo-resistance 

– Metastasis 

 

 

 
Yu M, Science, 2013; Chambers A F, Nat Rev Cancer, 2002  



Genomic characterization of CTCs 
Immunomagnatic sorting of blood  

CD45-depleted fraction 

Pan-cytokeratin 
staining 

Single-cell laser 
assisted 

microdissection 

Whole Genome 
Amplification 

Copy number 
analysis 

Affymetrix SNP 
6.0 

MCF7 breast cancer cells 

1 = Unamplified Genomic DNA  

2 = WGA DNA from 2 cells 
3 = WGA DNA from 3 cells 
4 = WGA DNA from 5 cells 

Loss 
Gain 
Normal 

Concordance: 

genomic DNA / single cells: 86-92% 

single cell / cell: 87-93% 

1 

2 

3 

4 

SKRB3 breast cancer cells 

1= Unamplified Genomic DNA 
2= WGA genomic DNA 
3= WGA DNA from 2 cells 



Signature of Recurrent gains in CTCs 

18% 

9% 

9% 

n = 17 CTC / normal pairs 

Minimal Common Regions of gain in at least 4 

samples 

• 90 MCRs in recurrent signature (15-16/17 

samples) 

• 48/90 MCRs on chr 19 

• 1 MCR gained in 16/17 samples: SERTAD3, LTBP4, 

NUMBL (oncogenic transformation, TGFB activation, 

metastasis) 

  1q21-23 ADAM15,MUC1 

  7q22.1 SERPINE/PAI-1 

  11p15.5 CD151  

  17q21 ERBB2  

  17q25.2 ITGB4 

  1p36.3 PRKCZ  

  7p22 FASCN1 
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• Genes with CTC-like functions: invasion, intravasation, survival, resistance to 
anoikis, chemo-resistance 
 

• Examined 787 primary invasive breast carcinomas: CTC-like MCRs present in 3-
4% samples: CCNE1, KLK7-12, MIR-500s, MIR-371-373, AKT2 

353 MCRs gained 
61 MCRs lost 



CLUSTER 2: Tumour-aggressiveness related signature 
N=14, 398 MCRs, 110 found in all samples, 54 on chr19 
Distant Metastases (DM) p = 0.07 
Age <50 p = 0.06 
 
BSG 
TUBB4 
INSR 
CCL25 
ANGPTL4 
ANGPTL6 
JUND 
MAG 
ACTN4 
SIRT2 
MARK4 
MIR-7, 24/23/27, 181, C19MC and MIR371-73 cluster  

CLUSTER 1: Dormancy-related signature 
N=3, 11 MCRs 
 
MIR-602 
PTEN 
SMAD2 
AKT2 
CADM2 
EPHA5 
ESR2  
 
 

Common signature 
2 MCRs 
Chromosome 21q21 (2-
12/17 samples): 
 ABCG1 
COL18A1 
COL6A1 
CSTB 
ITGB2 
PRMT2 
TFF3  
  
Chromosome 19q13.13 
(16/17 samples): 
 SERTAD3  
 LTBP4  
 NUMBL  

 Net pro- and anti- tumourigenic 
gene expression results in a 
balanced state or dormant CTCs, 
quiescent, chemo-resistant? 
 

 Aggressive tumour cells 
propagating dissemination and 
metastatic disease via CTCs 
 

 Early acquired alterations 
necessary for survival of CTCs  



Validation of CTC-signatures 
Chromosome 19 

MUC16 CCNE1 TGFB1 19c KLK10 BSG 

chr 19 

chr 19 

Normal 

BSG 

MUC16 

19c 

CCNE1 

TGFB1 

KLK10 

! I !

Table 1: Summary of clinical parameters from patients with presence of CTCs (n=20) 

 

 
 

Table 2: Regions gained most frequently in CTCs from breast cancer patients (n=17). 

Chromosomes with copy number gains in 15/17 (88%) of patients were selected for FISH 

analysis in primary tumours to determine the frequency and distribution of CTC-like cells 

in primary breast cancer. 

 

 

Chromosomal region Number of genes in region 

19p13.3 254 

19p13.3-13.2 15 
19p13.2-13.11 379 

19q13.32-13.41 299 
19q13.41 11 

9q34.3 119 
11p15.5-15.4 138 

17q25 108 
17q25 63 

1p36.3 34 

 

Sample Procurement 
Peripheral blood (20mL) was collected from 38 patients with local and advanced 

breast cancer. Patients were recruited to this study at the first diagnosis of breast 

cancer, prior to commencement of treatment. CTCs were detected in 20 patients 

(53%) with a range of 1-20 cells. Tumour-normal matched pairs were available for 17 

patients, where normal samples were DNA extracted from the white blood cell 

fraction . 

Enrichment of CTCs from blood 
CTCs were enriched from blood by depletion of CD45 positive white blood cells using 

an automated immunomagnetic bead protocol (autoMACS Separator ™, Miltenyi 

Biotec).   

Immunohistochemical detection of CTCs 
Enriched CTCs were transferred on to membrane slides and stained for cytokeratin 

AE1/AE3 (Dako North America Inc.) using a glucose oxidase system for detection 

(Vector Laboratories Inc.). Glucose oxidase is absent from mammalian cells, thus 

abolishing non-specific staining of white blood cells seen with phosphatase or 

peroxidase detection systems. 

Laser capture microdissection and Whole Genome 

Amplification 
Positively stained tumour cells were isolated by single-cell laser capture 

microdissection. Whole genome amplification was performed using the single cell 

WGA4 kit (Sigma)4 followed by ligation.  

 

Copy number analysis of CTCs genomes 
DNA was processed on the Affymetrix  Human Genome-Wide SNP 6.0 array. Copy 

number aberrations were analysed using a paired tumour-normal sample approach 

and HMM algorithm (Partek Genomics Suite). An aberration had to occur in at least 

4/17 samples (>23%) to be considered significant and included in further analysis. 

!
!
!

Ident ificat ion of frequent ly gained genomic regions in breast  circulat ing t umour  cells!
Nisha Kanwar1,3, Pingzhao Hu4, Mark Clemons5, David McCready6 and Susan J. Done1,2,3,7 

Departments of 1Laboratory Medicine and Pathobiology and 2Medical Biophysics, University of Toronto; 3The Campbell Family Institute for Breast Cancer Research; 4The Center for Applied Genomics; 5Department of Medical Oncology and Hematology, 

 6Division of General Surgery and Surgical Oncology, 7Laboratory Medicine Program, University Health Network, Toronto, ON, Canada. 

Abstract!

Hypothesis!

Materials and Methods!

Introduction: Cells disseminate from the primary tumor and enter the blood circulation early on. Circulating tumor cells (CTCs) 

might be the earliest detectable cells with metastatic abilities.  Clinically, the presence of CTCs is indicative of a negative prognostic 

impact. Decreased numbers of CTCs are seen in response to chemotherapy, and persistent chemo-resistant CTCs have been 

shown to be HER2+ although they originated from HER2- primary tumors. Such discrepancies were also found with ER, PR and 

EGFR status and have important implications with respect to treatment alterations over the course of the disease. If the whole 

genome of CTCs can be profiled, we could identify genomic alterations which may be developed into CTC specific markers, to 

monitor and target them, to prevent their spread to distant sites. We could also investigate how these cells are represented in 

primary tumors and  how they respond to chemotherapy.!

!

Methods: CTCs were enriched from blood by immunomagnetic CD45+ leukocyte depletion; fixed onto glass slides and stained for 

the epithelial cell marker, pancytokeratin. Positively stained CTCs were isolated by single-cell laser capture microdissection for 

whole genome amplification (WGA) and copy number (CN) analysis with the Affymetrix Genome wide SNP 6.0 array. CTCs were 

isolated from peripheral blood of 20/38 patients (53%, range of 1-20 cells) with breast cancer. Normal samples were obtained by 

performing WGA on the white blood cell fraction of blood. !

!

Results: CN gains and losses were detected by genomic segmentation, using a paired CTC-normal sample approach (Partek 

Genomic Suite). Overall, regions with gains were more prevalent than losses. The most frequent gains were on chromosome 1p36, 

6q16.3, 9q34.1-34.3, 11p15.4-15.5, 17q21-25, and 19. Regions 17q21-25 and 9q34 were associated with lymph node metastasis, 

tumor size, and higher CTC counts. Genes within these regions which could potentially be implicated in CTC dissemination are 

CCL5 (breast cancer progression), MMP28 (invasion), and PTPN1 (migration). Notably, CTCs were more homogenous for gains on 

chromosome 19, which has been implicated in many types of cancers. It houses the entire family of kallikrein protease genes, a 

hallmark in prostate, ovarian and colorectal cancers; and was recently found to contain 5 SNPs which are associated with BRCA1 

mutations and high risk breast cancer. We identified 5 peaks (0.3 - 9.5Mb) between 19p13.3-13.1 and 19q13.32-13.4,  with an 

average CN of 3, in 15/17 patients. !

!

Conclusions: Whole genomic profiling of CTCs from breast cancer revealed regions of  CN gain, as well as specific CN signatures 

associated with poor prognosis. Gains on chromosome 19 were most frequent, warranting further investigations of genes that 

confer CTC-like functionality to tumor cells. We will determine the heterogeneity of these regions in primary breast cancer, and 

how they respond to chemotherapy. !

!

Deaths from breast cancer are due to metastases resistant to conventional therapies. In 

metastasis, tumour cells disseminate from the primary tumour into the blood or lymphatic 

system, and travel to anatomically distant organs. 

 

The formation of new tumours at these distant sites is dependent on both the intrinsic 

properties of the tumour cells, as well as the response of the host tissue microenvironment. 

 

Circulating tumour cells or CTCs are essentially tumour cells that have disseminated and are 

en route between primary tumours and metastatic sites, and therefore may represent  

‘metastatic intermediates’. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: (a) Process of metastasis depicting dissemination of  circulating tumour cells (CTCs) from the 

primary breast tumour into the blood, to anatomically distant organs. (b) 1 CTC is detected in a dominant 

population of 107 – 109 nucleated blood cells. 

 

Clinical Significance: The mere presence of CTCs in blood is indicative of a negative 

prognosis.  Metastatic breast cancer patients with 5 or more CTCs per 7.5mL of blood have 

lower progression free and overall survival rates (n=177). Detection of 1 CTC in early breast 

cancer was shown to have prognostic value (n=2027).  

 

Persistent CTCs in blood after treatment  are an accurate indicator of disease progression and 

mortality.  It has been postulated that CTCs could represent a chemo-resistant stem cell 

subpopulation. 

 

Biological Properties:   

 

!   Epithelial cells (cytokeratin/EpCAM) 

!   Non proliferative 

!   Apoptotic 

!   Exhibit vast phenotypic heterogeneity 

 

Genetic Heterogeneity: 

 

!   CTCs can be Her2+ although they originated 

From Her2- primary tumours 

!   Similar discrepancies with ER, PR, EGFR 

prognostic markers 

!   Suggests clonal evolution resulting in 

chemo-resistance and invasiveness 
!

Circulating tumour cells represent an aggressive component of primary 

breast tumours and might show a differential response to chemotherapy. 

 

The should contain genomic alterations that define them as “metastatic 

intermediates”, and can be identified in primary tumours by single cell 

analysis. 
 

OBJECTIVES 
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Future Directions!
!   We have established a protocol for successful isolation of CTCs from blood, amplified 

their genomes for high resolution copy number analysis 

!   The genomes of CTCs appear to be more homogenous for some gains, specifically 5 

amplicons on chromosome 19. Genes within these amplicons potentially confer CTCs 

with more aggressive, chemo-resistant properties and could be developed into CTC 

specific markers in blood 

!   Furthermore, these regions might be identifiable heterogeneously, at low frequencies 

within the primary tumours they originated from. 

!   We will develop FISH probes for regions to determine their proportion and distribution in 

primary tumours, and also investigate how these CTC-like cells respond to chemotherapy; 

whether they are targeted or whether they are resistant and persist. 

!   Breast cancer is not a single disease but shows vast heterogeneity on histological and 

molecular levels. A better understanding of the degree and distribution of genomic 

heterogeneity is necessary. Alterations, even if present only focally, could confer a more 

aggressive course of progression to metastasis. More importantly, these cells could be 

targeted to stop their spread to distant sites. 

A!

B!

This project is funded by 

Introduction!

Figure 2: Morphological heterogeneity visible in 

cytokeratin (red) and hematoxylin stained CTCs 

Isolate CTCs from 

blood , amplify their 

genome for copy 

number analysis!

Identify regions that 

are most frequently 

amplified and 

characteristic to 

CTCs!

Identify regions or 

genes with 

prognostic value for 

progression to 

metastasis!

Results!

Figure 3: Validation of protocol on MCF7 cell line shows significant conservation of copy 

number gains and losses across amplified single cell DNA compared with unamplified 

DNA (Chromosome 13: 1 = Unamplified Genomic DNA , 2,3,4 = WGA DNA from 2 cells, 

3 cells and 5 cells) 

Loss!
Gain!

N ormal!

1!

!

!

2!

!

!

3!

!

!

4!

Table 1: Clinical features of 20 breast cancer patients positive for CTCs  

ANGPTL4!
Extravasation of 

tumour cells 
through endothelial 

cell-cell junctions in 

the lung!

miRNA 181 family!
Upregulated by 

TGFbeta to increase 

CSC population!

CCNE1!
Meta-analysis of 3131 

cancers (26 histological 

types) identified this 

CNA !

TGFbeta !

KAL family!

!
Accelerates metastasis, 

lower response to 

chemo, active in 

CD44+, induces EMT, 
activates ANGPTL4!

!

Kallikrein proteases 

prognostic hallmark in 

prostate /ovarian/ 
colon cancers!

2 clusters of miRNA 

families (500s and 

371-73) linked to cell 

cycle check point, 

tumour aggressiveness 

and upregulated in 

ESC.!

!

CLU ST ER 3!

H ighly amplified!

Distant Metastases p = 0.07!

Age <50 p = 0.06!

CLU ST ER 2!

N ormal like!

!

CLU ST ER 1!

50% normal like!

50% amplified!

!

Figure 4: (a) Summary of copy number aberrations in 17 CTC samples; gains on 

chromosome 19 were identified in 15/17 samples (88%) (b) 5 distinct amplicons on 

19p (left) and 19q (right), 0.3 – 9.5Mb in size, 3-5 copies 

A!

B!

Figure 5: Each of the 5 amplicons on chromosome 19 are defined by functionally 

prominent genes, miRNAs or clusters of families 

Figure 6: Unsupervised clustering of log2 copy number intensities groups samples into 3 clusters; partially 

amplified, mostly normal and highly amplified. Near significant association of the highly amplified clusters 

is observed with distant metastases and younger age in patients. 

Regions were most frequently  gained in 15/17 (88%) of CTC samples (N=17) 

Hyb 1 

Hyb 2 

! $!

(A) (B) 

 
Figure 3: (A) Multicolour interphase-FISH on normal lymphocytes showing 4 probes 

labeled with fluorescently tagged nucleotides with non-overlapping emission and 

excitation spectra (Aqua, Green, Yellow and Far-Red dUTPs). The 5th colour will be 

Texas Red (not shown in image) (B) Ideogram showing chromosome 19 labeled with 

probes hybridizing to genes within  regions on chromosome 19 most frequently gained in 

CTCs. Green and Red arrows point to where centromere-19c and KLK10 probes will 

bind 

 

 
 

 
 

Figure 4: The chick chorioallontoic (CAM) metastasis model (left) where breast cancer 

cells may be directly applied to the CAM and allowed to form a primary tumour. 

Intravasation and metastasis can be determined using quantitative human alu PCR on 

tissue from lower CAM or liver and lungs, respectively. In a proof of concept experiment 

(right) MDA-MB-231 tumour cells expressing GFP were stably transfected with either 

Cortactin or Luciferase and tumours were established in the CAM of the chick embryo 

model. Seven days later, the liver was excised and examined under a fluorescent 

stereomicroscope. A significant number of micro-metastatic colonies were observed 

when Cortactin was overexpressed. Using this approach, the contribution of single target 

genes can be evaluated. 

 
MUC16 CCNE1 TGFB1 19c KAL10 

Chromosome 19 

 
MUC16 CCNE1 TGFB1 19c KAL10 

Chromosome 19 

 
 

Figure 3: Quantitative measurement of metastatic tumour cell growth and intravasation. 
Human tumour cell growth, intravasation and arrest in the chick embryo can be determined using 

quantitative hAlu PCR. (A) Using the experimental metastasis model, the arrest of I.V. injected 

cells at secondary organs can be determined 2hr after injection. During subsequent days the in 
vivo growth can be determined by calculating the rate at which the tumour cell population 

expands. (B) Using the spontaneous metastasis model, the intravasation rate can be calculated as 

follows: (# cells on D6 X doubling time) – (# cells on D7). Differences in intravasation and 

growth rate can be compared between high and low metastatic tumour cell lines (M+ and M- 

HEp3 cells are quantified in this example), and the contributions of single target genes to 

intravasation can be evaluated. 

 
 
 

 
 

Figure 7: Proof of concept: in vivo screen for  intravasation. MDA-MB-231 tumour cells 

expressing GFP were stably transfected with either Cortactin (lower panels) or Luciferase (upper 

panels) and tumours were established in the CAM of the ex ovo chick embryo model. Seven days 

later, the liver was excised and examined under a fluorescence stereomicroscope, and a 

significant number of micro-metastatic colonies were observed when Cortactin was over-

expressed. Using this approach, the isolation and characterization of individual metastatic 

tumour colonies can be achieved. 
 

 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

A B 

A: Multispectral-FISH for 
recurrent gains signature 
(10 regions) 
   
B: In vivo chick embryo 
assay for intravasation 
and metastasis – 500 
genes from recurrent, 
dormancy and tumour 
aggressiveness signatures 

Intratumoural assessment: proportion of cells with CTC-like gains 
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