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    Chapter 10   
 Genome-Wide Gene Copy Number Analysis 
of Circulating Tumor Cells                     

       Mark     Jesus     M.     Magbanua      and     John     W.     Park     

    Abstract     Very little is known about the molecular biology of CTCs. The paucity of 
information can be largely attributed to the technical hurdles in isolating these 
extremely rare cells. Despite these challenges, there is a pressing need to elucidate 
the molecular characteristics of these tumor cells. In this chapter, we highlight recent 
studies on genome-wide gene copy number analysis of CTCs and comparisons with 
primary tumors. These initial studies serve as groundwork for future efforts in dis-
covery and development of novel CTC-based genomic biomarkers. Further molecu-
lar profi ling of CTCs may provide novel insights into mechanisms of disease 
progression and tumor evolution, and open new avenues for personalized treatment.  

  Keywords     Circulating tumor cells   •   Molecular characterization   •   Copy number anal-
ysis   •   Array comparative genomic hybridizations   •   Genomic instability   •   Fluorescence-
activated cell sorting   •   Genomic analysis   •   Copy number variation   •   Metastasis  

10.1         Introduction 

 Metastatic spread involves the escape of tumor cells from primary tumors into the 
blood stream. These tumor cells, also known  as   circulating tumor cells (CTCs), can 
migrate to distant sites and initiate metastatic disease. Since the advent of 
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technologies to sensitively detect and count (“enumerate”) CTCs, it has been dem-
onstrated that elevated numbers of CTCs in the blood of solid tumor patients can 
portend poor survival [ 1 – 5 ]. 

 The underlying biology of the CTCs themselves remains poorly understood. In 
principle,  molecular characterization   of CTCs can provide new insights into the 
biology of cancer metastasis, as well as new biomarkers for personalized treatment. 
However, progress has been hindered by the formidable technical challenges in effi -
ciently isolating these extremely rare cells (~ one CTC per billion of nucleated blood 
cells). 

 A hallmark of cancer is genomic instability [ 6 ,  7 ].  Genome-wide copy number 
aberrations   can be assessed using microarrays (e.g., array comparative genomic 
hybridization, aCGH) [ 8 ] and more recently by next generation (massively parallel) 
sequencing [ 9 ]. Studies involving genome-wide copy number analysis of primary 
tumors have shown that certain chromosomal regions may be preferentially ampli-
fi ed or deleted in different types of cancers [ 7 ,  10 – 12 ]. 

 Investigations of  genomic alterations   in CTCs, including comparative analysis 
with primary tumors, have recently been reported. In this chapter, we discuss results 
of genome-wide copy number analysis of CTCs in different solid tumors, including 
prostate, colorectal, and lung cancers.  

10.2     Enrichment and Isolation of CTCs 

10.2.1     EpCAM-Based Isolation 

 Most strategies to isolate CTCs have included EPCAM-based  immunomagnetic 
enrichment methods   (e.g., the widely used CellSearch system [ 13 ]), which involves 
the capture of CTCs using magnetic beads conjugated with EPCAM antibody. The 
enriched population, however, still retains a considerable amount of leukocytes 
requiring additional steps to further purify CTCs [ 14 ]. We have developed a proto-
col, referred to as  “IE/FACS”,   to isolate highly pure CTC populations from blood 
[ 15 – 17 ]. IE/FACS consists of an initial immunomagnetic enrichment step similar to 
that of the CellSearch system. This is followed by the addition of fl uorescently 
labeled monoclonal antibodies specifi c for leukocytes (CD45) and epithelial cells 
( EPCAM  ) to distinguish CTCs from leukocytes during sorting via fl uorescence- 
activated cell sorting (FACS).  

10.2.2      Non-EpCAM-Based Isolation   

 Alternative CTC collection strategies include those based on physical properties, 
e.g., size and density, which allow separation of CTCs from patients’ peripheral 
normal blood cells [ 18 ]. Yet another enrichment approach is based on metastatic 
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cells’ ability to adhere and invade collagen adhesion matrix (CAM) [ 19 ]. Using a 
specialized tube (Vita-Cap™), CTCs adhere to CAM-coated inner walls and non- 
adherent blood cells are washed away. Collagenase treatment releases the CTCs as 
well as leukocytes that are nonspecifi cally attached to the matrix [ 20 ,  21 ]. 

 A comprehensive discussion on the methods involving CTC enrichment and iso-
lation is presented in Chaps.     2     and   3    .   

10.3     Genome-Wide Copy Number  Analysis   of CTCs 

10.3.1      Early Breast Cancer      

 Since CTCs are much less frequent in early versus metastatic breast cancer, larger 
volumes of blood are necessary for routine screening to detect these rare tumor cells 
[ 22 ]. To address this limitation, a recent study demonstrated the feasibility of utiliz-
ing leukapheretic samples to capture CTCs in early breast cancer patients [ 23 ]. 
Examining whole circulating blood substantially increased CTC detection to about 
90 % as compared to 5–24 % in ~10–30 mL of blood [ 22 ,  24 ]. Genomic profi ling of 
captured single CTCs via metaphase CGH analysis detected genomic aberrations in 
a subset of cells. Aberrations were consistent with that of breast cancer, e.g., loss of 
8p and gain of 8q. Additionally, higher levels of genomic alterations were correlated 
with increased risk of recurrence.  

10.3.2      Metastatic Breast Cancer      

 Our group has combined IE/FACS and array comparative genomic hybridization 
(aCGH) to perform the genome-wide copy number analysis of CTCs from breast 
cancer patients [ 16 ]. This approach involves effi cient and complete isolation of 
CTCs for molecular profi ling; in contrast, methods to capture CTCs via cell adher-
ence, microfl uidics, or immunomagnetic separation alone typically entail substan-
tial leukocyte contamination and can compromise the ability to perform genome-wide 
analyses. Our approach yields genomic profi les of CTCs without signifi cant con-
tamination from leukocytes or non-malignant epithelial cells. 

 Initial assay validation using breast cancer cells spiked into healthy blood con-
fi rmed that accurate aCGH profi les were obtained from small pools of cells, includ-
ing single cells and showed no evidence of leukocyte contamination. We 
subsequently applied this approach to blood samples from 181 metastatic breast 
cancer patients, 102 of which were successfully profi led. Genomic profi ling of 
CTCs revealed numerous copy number alterations, including many previously 
reported in primary breast tumors, confi rming the malignant nature of the CTCs.    

 Frequent copy number aberrations identifi ed in our series of 102 CTC samples 
included gains in 1q and 8q and losses in 1p, 2q, 4q, 8p, 11q, 13q, 15q, 16q, and 18q 
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(Fig.  10.1a ). Focal amplifi cations included 8p11-12 ( FGFR1 ), 8q24 ( MYC ), 11q13 
( CNND1 ), 17q12 ( HER2 ), and 20q13 ( ZNF217 ). Comparative analysis between 
CTC profi les in this study versus primary breast tumor profi les from previously 
published aCGH datasets by Fridlyand et al. [ 10 ] ( N  = 62) (Fig.  10.1b ) and by Chin 
et al. [ 25 ] ( N  = 137) (Fig.  10.1c ) revealed high concordance of gains and losses. 
Recurrent focal amplifi cations in CTCs were also frequently observed in both 
Fridlyand and Chin datasets, e.g., on 8p (including  FGFR1 ), 8q ( MYC ), 11q13 
(including  CCND1 ), 17q ( ERBB2 ) and regions on 20q (including  ZNF217 ).

   Next, we compared our CTC CGH dataset and the Fridlyand et al. dataset [ 10 ] to 
explore genomic aberrations specifi cally prevalent in CTCs but not in primary 
tumors. Results of this exploratory comparative analysis suggested that specifi c 
aberrations including losses on 10q22 and 8p23 and gains on 5q13 (including 
 CCNB1 ), 7q22 (including  MUC12  and  MUC17 ), 9p13 and 9q31 were signifi cantly 
more frequent in CTCs compared to primary tumors (Table  10.1 ). Because these 
two datasets were totally independent (i.e., CTCs and primary tumors were  not  from 

  Fig. 10.1    Copy number analysis of breast CTCs and primary tumors. Recurrent gene copy num-
ber aberrations in ( a ) CTCs from 102 metastatic breast cancer patients [ 16 ] and ( b ) in 62 primary 
breast tumors [ 10 ] and ( c ) 137 primary breast tumors [ 25 ]. Gains and losses are shown in  red  and 
 blue , respectively. (Reprinted from Magbanua et al. 2013, Cancer research 73(1):30–40)       
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the same patients), we also showed the feasibility of comparing aCGH profi les from 
CTCs versus matched primary tumors in a series of fi ve  cases     .

   Comparison of CTCs with matched archival primary tumors ( N  = 5 pairs) con-
fi rmed shared lineage as well as some divergence. Our results indicated a clear 
clonal relationship between primary tumors and subsequent CTCs, and the appear-
ance of new, as well as conserved, genomic alterations. Two examples are discussed 
below: 

  Case 1 . Twenty CTCs were isolated at two different time points (Days 1 and 42) 
from a metastatic breast cancer patient #4013, a 50-year-old female with ER/PR 
positive and HER2 positive disease. Comparison of the CTC profi les revealed high 
concordance. Focal amplifi cations on 8q24, 12q15, 17q12 ( HER2 ), and 20q13 were 
observed in both samples (Fig.  10.2a ). Next, archival primary tumor from 6 years 
prior to CTC analysis was obtained and analyzed via aCGH. Copy number analysis 
showed multiple aberrations in common with the CTC samples, including the same 
focal amplifi cations. Interestingly, some aberrations, e.g., losses in 6q, 13q, 18q, 
and 20p, were observed only in CTCs and not in the primary tumor suggesting that 
these cells had acquired additional alterations.      

    Case 2 . Twenty CTCs were isolated from a metastatic breast cancer patient 
#4015, a 54-year-old female with triple negative disease. Copy number analysis of 
CTCs showed losses in 3p, 5q, and 6q and focal amplifi cation on 8q24, gains in 10p 
and 19q (Fig.  10.2b ). The archival primary tumor and a lymph node metastasis from 
2.5 years prior were then obtained and subjected to aCGH analysis. Copy number 
profi les of the primary tumor and nodal metastasis, were highly correlated with each 
other, but to a lesser degree with the CTC profi le. CTCs exhibited additional 
genomic aberrations, e.g., gain in 20q and loss in 3p that were not observed in the 
primary tumor and nodal metastasis.        

10.3.3      Prostate Cancer      

 Our group has also performed IE/FACS to isolate and analyze prostate CTCs from 
castration resistant prostate cancer patients [ 17 ]. Copy number analysis of CTCs 
from nine patients revealed a wide range of copy number aberrations, including 
those that have been previously reported in prostate tumors, e.g., loss in 8p and gain 
on 8q [ 11 ,  26 ] (Fig.  10.3 ). However, unlike primary tumors, high-level gains in a 
region containing the androgen receptor ( AR ) gene in the X chromosome was 
observed in seven (78 %) of the nine cases, while low level gains were observed in 
the remaining two (22 %) cases. Amplifi cation of  AR  in CTCs is consistent with 
observations in castration resistant prostate solid tumors [ 26 ]. In addition, compari-
son of genomic profi les between CTCs from two patients with the corresponding 
pretreatment primary tumors revealed clonal-relatedness with some divergence 
including amplifi cation of the locus containing the  AR  region in CTCs but not in the 
matched primary tissues. This study confi rmed other fi ndings by FISH analysis [ 27 , 
 28 ] that the  AR  gene can be amplifi ed in CTCs from castration resistant prostate 
cancer patients in association with hormone resistance.
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   A CAM-adherence approach was used by Paris and colleagues to enrich for 
CTCs from blood of 13 metastatic prostate cancer patients [ 21 ]. CAM-captured 
cells including co-purifi ed background leukocytes were subjected to aCGH analy-
sis. Analysis of recurrent aberrations in CTCs from nine patients successfully pro-
fi led revealed copy number alterations in cancer related genes (e.g.,  POTE15  and 
 GSTT1 ). In contrast to IE/FACS isolated CTCs (discussed above), amplifi cation of 
the  AR  gene and aberrations (e.g., loss of 8p and gain of 8q) frequently seen in pros-
tate cancers were not observed in CAM-enriched cells. Comparison of genomic 
profi les of CTCs with primary and metastatic tumors from two patients revealed 
high concordance.        

10.3.4      Colorectal Cancer      

 In a study involving six metastatic colorectal cancer patients, CTCs were enriched 
using the CellSearch method followed by isolation of single cells via micromanipu-
lation and aCGH analysis [ 29 ]. Analysis of genomic profi les revealed copy number 
aberrations in CTCs that were commonly seen in colorectal cancer, e.g., losses in 
5q13–5q31 which contain the adenomatous polyposis coli ( APC ) gene. Despite 
some divergent genomic aberrations, genomic profi les of single CTCs were very 
similar to that of matched primary tumor and metastatic lesions. Additionally, copy 
number profi les revealed “private” aberrations that were unique to single cells.  

10.3.5      Lung Cancer      

 A similar CellSearch-based approach was used to isolate single CTCs from 11 lung 
cancer patients [ 30 ]. Copy number data was inferred from next generation low pass 
whole genome sequencing (0.1× coverage). Comparisons of copy number profi les 
revealed high similarities of genomic profi les among single CTCs from the same 
patient and among patients. Clonal-relatedness was observed when single cell pro-
fi les were compared to primary tumors and available metastatic lesions from the 
same patient. Interestingly, distinct global copy number profi les were observed 
between small-cell lung cancer and lung adenocarcinoma.  

10.3.6      Melanoma      

 A study by Chiu and colleagues [ 31 ] demonstrated the feasibility of genome-wide 
copy number profi ling of CTCs from melanoma patients with regional metastasis. 
Antibodies against melanoma-associated cell surface gangliosides were utilized to 
capture circulating melanoma cells instead of epithelial markers. Array CGH 
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analysis of putative circulating melanoma cells revealed copy number gains (e.g., 
2q35) and losses (e.g., 6q25.3 and 9q34.3) that were observed in all patient samples. 
Similar copy number aberrations were seen in circulating melanoma cells and in 
regional metastasis from the same patient. Interestingly, CTC-associated copy num-
ber aberrations were also identifi ed in distant metastasis from advanced melanoma 
patients, suggesting that certain genomic aberrations are selected for in the course 
of disease progression. Finally, a biomarker panel composed of fi ve CTC-associated 
genomic aberrations was able to identify stage IIIB/C melanoma patients with poor 
clinical outcome.   

10.4     Discussion and Summary 

 Mechanisms involved in cancer progression, including distant metastasis and resis-
tance to treatment, remain elusive. CTCs accessed from the blood may provide 
insights into how cancers spread and why patients fail to respond to therapies. 

 In-depth molecular analysis of CTC is fundamental to the elucidation of their 
role in metastasis. This includes the systematic survey of genomic aberrations 
throughout the genome, e.g., chromosome gains, losses and focal amplifi cations, 
which are hallmarks of malignancy [ 7 ]. Initial characterizations of CTCs using fl uo-
rescence in situ hybridization (FISH) showed the feasibility of assaying for particu-
lar amplifi cation events in CTCs [ 32 – 34 ]. More recently, genome-wide copy number 
analyses have been reported. The results of these studies, as summarized in this 
chapter, provide clear evidence that cancer-associated genomic changes can be 
detected in CTCs [ 16 ,  17 ,  23 ,  29 – 31 ] 

  Approaches for isolation of CTCs are based on different biological and physical 
parameters, which may lead to a bias towards certain CTC populations [ 18 ,  35 ]. For 
example, CTCs from castration resistant prostate cancer patients captured via 
CAM-adherence [ 21 ] and EPCAM-based [ 17 ] methods revealed distinct copy num-

  Fig. 10.3    Copy  number      analysis of CTCs from metastatic castration-resistant prostate cancer 
patients. Recurrent gene copy number aberrations in CTCs from nine patients; gains and losses are 
shown in  green  and  red , respectively. Chromosome Y was not included in the analysis. (Reprinted 
with permission from Magbanua et al. 2012, BMC Cancer 12(1):78)       
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ber profi les. It is therefore important to consider the limitations of the capture meth-
ods utilized when analyzing CTC genotypes/phenotypes.  

 The genetic relationship between CTCs and solid tumor tissues obtained from 
the same patient may shed new light on the mechanisms involved in tumor evolution 
and progression. Comparative studies between CTCs and corresponding primary 
and metastatic lesions have confi rmed clonal-relatedness [ 16 ,  17 ,  21 ,  29 ,  30 ]. 
Identifi cation of specifi c molecular signatures and genetic changes that occur in 
CTCs could lead to new targets for anti-metastatic therapies and druggable 
biomarkers. 

 In the treatment of advanced cancer patients, reliance upon biomarkers obtained 
from primary tumors has always been a problematic and questionable practice. 
Recent studies have confi rmed that CTCs have the potential to acquire new genomic 
aberrations, including those potentially associated with disease progression and 
treatment resistance [ 16 ,  29 ,  30 ,  34 ]. CTC-based biomarkers, therefore, may pro-
vide more relevant information about molecular target status as well as disease 
behavior. In the future, clinicians may be able to draw upon molecular profi les of 
CTCs to provide a more individualized and effi cacious treatment. 

 In conclusion, molecular characterization of CTCs provides an opportunity to 
develop biomarkers for metastatic breast cancer treatment that are  more accessible  
(via blood sampling as a “liquid biopsy”) and  more relevant  (refl ecting changes 
associated with metastasis and disease progression) than primary tumor tissue. 
CTC-based assays can in principle provide easily accessible biomarker information 
and may be more insightful than those based on primary tumors due to greater rel-
evance to metastatic disease, serial sampling ability, and contemporaneous acquisi-
tion with cancer progression. Employing new and powerful approaches including 
genome-wide profi ling of CTCs may provide new insights into mechanisms of dis-
ease progression and treatment response/resistance, and open new avenues for bio-
marker development and personalized treatment.     
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