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States is attributed to cancer.2 The search for biomark-
ers that allow early detection and may therefore affect 
the outcome of the disease is critical. The ability of 
cancer cells to spread in the body, producing metas-
tasis, is one of the most relevant characteristics of the 
disease and the cause of most cancer deaths. Circulat-
ing tumor cells (CTCs) are thought to originate from 
primary tumors and, due to evolutionary pressures, 
acquire a genetic heterogeneity that gives them the 
potential to reach the circulation and colonize distant 
organs, thus gaining access to better nutrients and 
biological niches to enhance their survival.3,4 Concep-
tually, this idea is more than 140 years old; in 1874, De 
Morgan5 proposed that cells from a primary tumor can 
escape and travel through surrounding tissue along 
the lymphatics, or blood vessels, to invade new areas. 
Ashworth6 was the first person to observe cells in 
the peripheral blood that he characterized as “exactly 

Introduction
Cancer is a comprehensive term that includes a group 
of diseases characterized by host cells growing with-
out control. It has a multifactorial origin and, even 
though many cancers are directly associated with risk 
factors in modern life, cancer is an ancient disease, 
with the oldest confirmation of metastatic carcinoma 
dating to 1200 bc.1 Cancer is a major health problem 
worldwide, and 1 of every 4 deaths in the United 
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in shape, size, and appearance like to those of the 
tumours,” but the first systematic study on smears of 
blood from individuals with cancer showing CTCs in 
43% of cases was not performed until 1934.7

Therapeutically, CTCs are primarily thought of as 
a “liquid” biopsy specimen — a snapshot of tumor 
cells in the circulation at a specific point in time — 
and their presence has been linked to poor survival 
rates in metastatic breast,8-12 colon,13-15 and prostate 
cancers.16-20 A major advantage of using CTCs is that 
a simple blood draw is faster and less invasive than 
collecting a tumor sample via a surgical procedure; 
furthermore, some tumors are in locations that prohib-
it biopsies. In addition, individual CTCs may contain 
unique genetic information essential to understanding 
the tumor biology and the metastatic process of an 
individual patient’s tumor. This, of course, is a ma-
jor oversimplification of the heterogeneous nature of 
tumors, CTCs, and the complexity of the metastatic 
process, particularly when considering that the gen-
eral consensus is that CTCs are heterogeneous and 
can differ between different cancers as well as within 
an individual patient.21

CTCs have been garnering attention from re-
searchers during the previous decade, and attempts 
to apply discoveries about individual CTCs to the 
cancer clinic for individual patients is a major goal 
of many researchers and health care professionals. 
The presence of CTCs is one of many predictors of 
overall survival rates in patients with early stage22 
and metastatic breast cancer,8,22-25 and their presence 
has shown to have a superior overall survival prog-
nostic value compared with serum tumor markers, 
such as carcinoembryonic antigen and cancer an-
tigen 15-3.26 CTCs provide equivalent or superior 
prognostic information as radiographic methods but 
without the possible health risks associated with 
some of them.27-29 

Disseminated tumor cells are a subtype of CTCs 
localized in bone marrow that may also provide prog-
nostic information in many types of cancer.15,30-32 A 
retrospective study of metastatic breast cancer showed 
a significantly higher number of tumor cells in bone 
marrow compared with the corresponding peripher-
al blood stem cells,33 but comparative studies have 
showed variable concordance rates.34 However, bone 
marrow biopsy is invasive and requires special tech-
niques; in addition, oftentimes patients experience 
significant discomfort during the procedure. Thus, the 
study of CTCs is more favorable because CTCs can 
be obtained through a simple peripheral blood draw.

Currently, the major advantage of liquid bi-
opsy is to measure treatment effectiveness. CTCs 
have been extended to many types of cancer as 
biomarkers for malignancies, and this trend is 
likely to continue. However, because CTCs are 

sparse (diluted by billions of other cells) and 
possibly unstable in a typical blood sample, they 
pose technological challenges for their detection, 
isolation, and characterization.

Moving beyond the simple isolation and quanti-
fication of CTCs in blood samples from patients with 
cancer is the possibility of analyzing the functional, 
molecular, and genetic alterations in these cells, and 
applying this information to improve cancer treatment 
in “real time.” If realized, this possibility will revo-
lutionize the analysis, monitoring, and treatment of 
cancer. Can essential information about a tumor be 
gathered and understood before it seeds and before 
the heterogeneity morphs it into another form that 
will lend current therapies ineffective? Many reviews 
cover the different aspects of CTCs, illustrating the 
continued interest in this field of study.15,34-42 The cur-
rent review will briefly describe CTCs, and then focus 
on developments to further characterize them and 
the utilization of CTCs as biomarkers for cancer. We 
will address the potential problems of phenotypical-
ly identifying CTCs, isolating them via microfluidic 
techniques, and using next-generation sequencing to 
molecularly characterize CTCs.

Relevance 
Currently, CTCs are used as a biomarker associated 
with the status of metastatic cancer. One test alone 
has been approved by the US Food and Drug Ad-
ministration for enumerating CTCs in metastatic 
breast, colorectal, and prostate cancers, and that is 
the CellSearch System (Janssen Diagnostics, Raritan, 
New Jersey).43 The test enumerates CTCs and is com-
monly used before and after a given treatment. If 
the number of CTCs remains the same or increases, 
then the treatment may be ineffective; however, if the 
number of CTCs decreases, then the treatment may 
be effective. This concept is important because many 
studies have shown that as few as 3 to 5 CTCs in  
7.5 mL of blood can lead to a poor prognosis in terms 
of progression-free and overall survival rates.10,13,16 
CellSearch identifies CTCs as captured circulating 
cells expressing the cell-surface marker epithelial 
cell adhesion molecule (EpCAM; CD326), cytokeratin  
(CK; 8, 18, and 19), and having a positive result on the 
4’6-diamidino-2-phenylindole (DAPI) nuclear stain. 
In addition, CTCs must be negative for the common 
leukocyte marker CD45, and the morphology (intact 
cell membrane) and size (> 4 × 4 µm2) of the CTCs 
must also be taken into account.13,16,28 Studies with the  
CellSearch System and others have shown that high 
numbers of CTCs are associated with shorter dis-
ease-free and overall survival rates.10,44-51 The presence of  
1 or 2 CTCs in patients with nonmalignant disease or 
in healthy individuals has been detected, but the fre-
quency of appearance in these conditions is rare.47,52,53
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Pliability
Most human solid tumors contain an heterogeneous 
population of cancer cells that originate from epi-
thelial cell types; many of these are shed on a daily 
basis into the blood, where they survive a couple of 
hours.54 Some are apoptotic,55,56 whereas others are 
destroyed by the immune system,57 even though the 
immune system of patients with cancer is significantly 
diminished.58,59 But the most relevant patient char-
acteristic is that few cells have the potential to form 
new metastases, and these cells are sometimes known 
as cancer stem cells.38,60-64 However, as documented 
by Plaks et al,65 more studies are necessary to clarify 
the relationship between cancer stem cells and CTCs. 

Epithelial tumor cells acquire characteristics that 
allow them to leave the primary tumor in a process 
known as the epithelial–mesenchymal transition 
(EMT), which is normally part of embryonic devel-
opment but, in cancer, is associated with an increase 
in invasion, metastasis, and drug resistance. The EMT 
process has been extensively reviewed39,66-71 and will 
be touched on here to illustrate the heterogeneity of 
these cells, exemplifying the challenges when iden-
tifying and isolating CTCs.

The initiation of EMT is directed by signals in the 
tumor cell and the surrounding non-neoplastic matrix, 
but the central characteristic of the EMT is associated 
with a decrease in members of the cadherin fami-
ly, particularly E-cadherin expression, which allows 
tumor cells to detach and move to the surrounding 
areas, lymph nodes, and enter the blood vessel system 
as CTCs.72-77 The overexpression of N-cadherin has 
also been observed in prostate cancer and is associ-
ated with tumor cell motility and cancer progression 
in breast cancer.78,79 Moreover, evidence reveals het-
erogeneous cadherin switching depending on the site 
of origin of the carcinoma.76 Complex communication 
between different cellular events control the EMT pro-
cess, including transforming growth factor β family 
members associated with the plasticity of epithelial 
cells,80-82 the overexpression of transcription factors, 
such as snail/slug,83-86 zinc finger E-box binding ho-
meobox 2,87 forkhead box C2,88 goosecoid,89 twist 
family basic helix-loop-helix transcription factor 1,58 
and activation of members of the Src tyrosine kinase 
family.74 EMT cells in breast cancer show resistance to 
conventional therapies and surface markers associated 
with stem cells CD44+/CD24–/low.90 The surviving CTCs 
travel through the circulatory system to distant organs 
where the reciprocal process of the mesenchymal–ep-
ithelial transition allows them to invade the tissue.91,92 

Some tissues may be predisposed to metastasis 
to specific cancers, which Paget93 stated as early as 
1889: “In cases of cancer of the breast, it is strange 
how often the liver is the seat of secondary cancer.” 
Indeed, the bone, liver, lungs, and brain are all sites 

for metastatic dominance.94,95 Currently, Paget’s “seed 
and soil” hypothesis is still valid, but metastasis is 
now recognized as a dynamic process whose out-
come depends on the interfaces with the surrounding 
homeostatic mechanisms that will differentiate the 
cell from the original tumor.96,97 Even with metastasis, 
which is normally assumed as a late-stage process 
after the tumor reaches considerable size, evidence 
exists that invasion could occur in the early stages of 
disease and then stay clinically dormant.98-101

Novel Isolation Techniques
CTCs are difficult to isolate because so few are pres-
ent in the general circulation; in addition, blood is a 
complex liquid tissue composed of billions of red cor-
puscles and hundreds of millions of white blood cells 
per milliliter, thus presenting technical challenges for 
the identification and isolation of CTCs. Many com-
mon methods for the enrichment of these rare cells 
have been previously reviewed, and a summary of 
these select techniques is shown in the Table.102,103 Be-
cause many of these techniques have been reviewed 
elsewhere,103-108 we will focus on novel CTC isolation 
techniques primarily using microfluidics that decrease 
CTC cell loss, increase recovery rates, use small vol-
umes of blood, and enable the molecular analysis 
of individual CTCs.109 Their current advantages and 
disadvantages are also reviewed.

Two recent studies evaluated the ability to cap-
ture and genetically analyze CTCs through gravi-
ty-fed microfluidic devices.110,111 The first used photo-
lithography and deep-reactive ion etching to create 
a micronetwork of cell-trapping chambers of 20 × 25  
× 30 microns containing 8 to 10 micron pore chan-
nels.110 From this master silicon template, a soft, elas-
tomeric negative mold was forged by pouring and 
curing against the silicon master. The final microsub-
strate was created by hot embossing a plastic plate 
made of cyclic olefin polymer against the elastomer-
ic negative mold. A thin plastic laminate was then 
laminated against the cyclic olefin polymer to create 
the final microchip that allowed blood cells to flow 
through, leaving the larger CTCs in the chamber.110 Using 
the breast cancer cell lines MCF7, MDA-MB-231, and  
SK-BR-3 spiked into phosphate-buffered solution and 
human blood, the researchers captured more than 80% 
of the CTCs.110 They were also able to show the dif-
ferential expression of the cancer biomarkers PanCK, 
ERBB2 (formally known as HER2), ER, PI3K, E-cadherin, 
and vimentin in the cell lines tested by immunostaining 
antibodies and fluorescence microscopy.110

The second study was conducted by a group from 
Japan who developed a novel, rapid CTC isolation 
device using a 3-dimensional palladium filter.111 The 
filter was produced by microfabrication technology 
and consisted of lithography and electroforming pro-
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cesses forming 8 micron pores that allowed normal 
blood cells and leukocytes to flow through while larg-
er CTCs remained in the pocket. Cell-spiking experi-
ments showed a 90% recovery rate across a range of 
50 to 5,000 green fluorescent protein-tagged COLM-5 
tumor cells.111 The filter detected and enumerated 
CTCs from 19 individuals with metastatic breast can-
cer, 12 individuals with nonmetastatic breast cancer, 
and 12 healthy volunteers.111 The average numbers 
of CTCs detected were 3.37, 0.23, and 0, respectively, 

suggesting that the filter may have clinical utility.111 
Using COLM-5 cells, the researchers also showed that 
further analysis could be performed on the filter us-
ing immunohistochemistry for ERBB2, ER, and PGR, 
and genetic analysis for EGFR/KRAS mutations by 
polymerase chain reaction (PCR), whole genome am-
plification, and direct sequencing.111

The major advantages of these techniques are the 
capture of EpCAM-negative CTCs and the capability of 
enabling single CTC genomic analysis. Two major dis-

Table. — CTC Isolation Methods 

Isolation Method Mode of Action Advantages Disadvantages Examples

Cell-density separation Separates cells based on 
different densities after  
centrifugation

Separates cells into discrete 
layers

CTC size and density not 
uniform
CTCs may be lost in plasma 
or by formation of CTC 
aggregates

Ficoll
Lymphoprep (Stem Cell 
Technologies, Vancouver, 
Canada)
OncoQuick (VWR, Radnor, 
PA)

Cell size by filtration Filtration to remove smaller 
cells in the blood

Simple, 1-step process Not validated for clinical 
applications
Will exclude small-size CTCs

Polycarbonate membrane
ScreenCell (ScreenCell, 
Westford, MA)

Microfiltration Photolithography using  
membranes separated  
by a precisely defined gap

Bottom membrane supports 
captured CTCs, minimizing cell 
stress

Experimental 
Not validated for clinical 
applications

3-dimensional

Immunomagnetic Antibodies specific to 
epithelial antigens (eg, CK, 
PSMA, EpCAM)

Can be performed alone or with 
other methods (eg, qRT-PCR, 
FISH, flow cytometry)

Variable rates of false- 
positive and false-negative 
staining, depending on 
antibodies used

MACS
RosetteSep (Stem Cell 
Technologies)
MagSweeper (Jeffrey Lab, 
Stanford, CA)
CellSearch (Janssen  
Diagnostics, Raritan, NJ)
AdnaTest (Qiagen,  
Hannover, Germany)

Direct analysis High-throughput assay Uses whole blood Not validated for clinical 
applications

Fiberoptic array screening
Micro-Hall sensor

Leukapheresis Separates leukocytes by  
passing blood through  
external filters

Captures many more CTCs  
due to the volume of blood
CTCs amenable to further 
characterization and molecular 
analysis 

Risky procedure and not 
likely to be used more than 
once
Not validated for clinical 
applications

High-definition CTCs All nucleated cells retained 
and stained with fluorescent 
antibodies to CK, CD45,  
and DAPI

Enrichment-free system resulting 
in high sensitivity and specificity 
rates
Adds high-definition CTC  
cytomorphology, allowing  
multiple analysis parameter  
characterization

Not validated for clinical 
applications

Fluorescence-activated 
cell-sorting analysis

Flow cytometry–based 
approach of sorting a mixed 
population of cells using 
fluorescent anti-EpCAM 
antibodies

Allows for semiautomated  
isolation of single cells or cell 
pools with less operator inter-
vention and higher throughput

Not validated for clinical 
applications

Micromanipulation and 
laser microdissection

Manual microscopy-based 
techniques used to identify 
and isolate antibody-labeled 
cells using a micromanipu-
lator or micropipette

Can isolate individual cells Can be harsh on fragile,  
sticky cells during transfer
Not validated for clinical 
applications

CK = cytokeratin, CTC = circulating tumor cell, DAPI = 4’6-diamidino-2-phenylindole, EpCAM = epithelial cell adhesion molecule, FISH = fluorescence 
in situ hybridization, MACS = magnetic-activated cell sorting, PSMA = prostate-specific membrane antigen, qRT-PCR = quantitative reverse transcrip-
tion–polymerase chain reaction.
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advantages of these methods are that the US Food and 
Drug Administration has not yet approved them for 
use and they lack the validation required to be used 
in a clinical setting. In addition, size filtration–based 
approaches similar to the 2 reviewed here can have 
significant red and white blood cell contamination if 
the pores are plugged with CTCs.109 This could hinder 
downstream genetic analysis by increasing the DNA 
background contamination.

Because EpCAM expression may be lost during 
EMT, microfluidic devices are being developed to cap-
ture CTCs — in particular, EpCAM-negative CTCs — by 
other means. Galletti et al112 developed a geometrically 
enhanced, differential immunocapture microfluidic 
device using anti-ERBB2 antibody-coated microposts 
to isolate CTCs (DAPI+, CK+, CD45–) from patients with 
breast and gastric cancers. Notably, ERBB2 expression 
is correlated with poor prognosis and plays an im-
portant role in the metastasis and invasion of breast 
cancer to surrounding tissues during EMT.113 The re-
searchers optimized their system using breast cancer 
cell lines and tested it in individuals both positive and 
negative for ERBB2 and found CTCs.112 This may be 
an alternative method for evaluating EpCAM-negative 
CTCs. The same system has also been developed for 
prostate cancer using a monoclonal, anti–prostate-spe-
cific membrane antigen antibody.114

A novel, high throughput spiral microfluidic de-
vice with a trapezoidal cross-section that relies on 
the microchannel dimensions and fluidic forces for 
the size-based separation of CTCs was developed and 
tested in patients with metastatic breast and lung can-
cers.115 The device has a low cost and can process  
7.5 mL of peripheral blood in 8 minutes, and its 
capture efficiency rate is approximately 80% using 
spiked MCF7, T24, and MDA-MB-231 cell lines.115 
Analysis of patient samples revealed CD24+CD44– and  
CD24–CD44+ cancer stem cell subpopulations and Ep-
CAM–pan-CK+ cells, which are not currently identified 
in the traditional EpCAM-positive CTC capture meth-
ods.115 The system is also amenable to fluorescence 
in situ hybridization and other molecular techniques 
following CTC isolation.115

Sheng et al116 developed a geometrically enhanced, 
mixing, high-performance microchip for the efficient 
capture of pure CTCs. After testing with anti-EpCAM 
antibody–coated surfaces within the specialized stag-
gered herringbone grooves in the microchip, they 
found an optimal flow rate of 1 µL/second, a flow 
velocity of 0.75 mm/second, and a maximum sheer 
stress of 0.38 dyn/cm.116 The researchers achieved a 
capture efficiency rate of 90% of the EpCAM-posi-
tive human pancreatic cancer cell line L3.6pl.116 After 
spiking between 50 and 50,000 labeled L3.6pl cells 
into lysed or whole blood, they achieved a 92% cap-
ture rate from lysed and a 89% capture rate from 

whole blood.116 This method of CTC visual microscop-
ic enumeration was also amenable to isolation via 
trypsinization and high flow rate washing, recovering 
more than 60% of the CTCs with a high viability for 
either CTC culture or further characterization.116 How-
ever, a drawback to this method was that it showed 
high levels of contaminating leukocytes, especially 
from patients with pancreatic cancer (> 24,000/mL) 
compared with healthy donors (~ 3,500/mL).116

An improvement of existing technology uses mi-
croscale vortices (Vortex Chip [University of Califor-
nia, Los Angeles]) and inertial focusing (which uses 
fluid inertia through shaped microchannels to align 
cells at high flow rates) for the high-purity isolation 
of the relatively larger CTCs from whole blood. By 
changing the flow rates, channel heights, and length 
of the Vortex Chip, researchers optimized the system 
with 19 micron diameter particles.117 Using 7.5 mL 
of blood from 8 individuals with breast and lung 
cancers, they isolated CTCs (23–317 per 7.5 mL) and 
reduced leukocyte contamination (57%–94% purity).117 
The major advantages of this improved technology 
over current technologies are reduced processing time 
(20 minutes), the applicability of the system to other 
types of cancer, and maintaining the integrity of CTCs 
for downstream molecular analysis.117 

Which one of these isolation methods, if any, will 
be appropriate for health care professionals evaluating 
patients with cancer remains an open question. What is 
clear is that the isolation of these rare cells is impera-
tive for the molecular analysis of CTCs and, ultimately, 
the personalized patient care for all cancer types. 

Limitations 
The main limitation of the CellSearch System is that 
the isolation method utilizes EpCAM expression on 
the cell surface of the tumor,118,119 which is expressed 
in 75% of cancer types alone (and may be lost in un-
differentiated tumors or subclones).120 In renal cell 
carcinoma subgroups, EpCAM is expressed in chro-
mophobe, papillary, and oncocytoma types but is sig-
nificantly absent in clear cell carcinomas,121 whereas 
others report decreased EpCAM expression in me-
tastases.122 Similarly, anaplastic thyroid carcinomas 
lack EpCAM expression, whereas differentiated and 
poorly differentiated thyroid carcinomas show over-
expression.123 Brain metastasis from breast cancer has 
been found without the presence of EpCAM-positive 
CTCs.124,125 Similarly, in different human carcinomas, 
an approximately 10-fold lower rate of EpCAM ex-
pression has been found in CTCs than in primary and 
metastatic tissues.126 A significant association exists 
between positive EpCAM expression and survival rate 
in esophageal cancer,127 clear-cell renal cell carcino-
ma,122,128 moderately differentiated colon cancer,129 
and thyroid carcinoma123; however, EpCAM expres-
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sion has also been associated with a worse prognosis 
in different types of breast cancer,130-132 pancreatic 
cancer,133 gallbladder carcinoma,134 esophageal squa-
mous cell carcinoma,135 and urothelial carcinoma of 
the bladder.136 For epithelial ovarian cancers,137 lung 
cancer,129,30 prostate cancer, and well and poorly dif-
ferentiated colon cancers, no clear correlation with 
survival rates has been observed (Fig).129 These con-
tradictory data highlight the need to discover other 
phenotypic markers to more precisely identify CTCs. 
The CellSearch method could use alternative capture 
approaches beyond antigens to EpCAM, but these 
methods would be considered experimental ap-
proaches and not readily available to patients.

Molecular Characterization
Many methods are used to molecularly characterize 
CTCs, including those that are protein- or nucleic ac-
id-based (eg, reverse transcription–PCR), as well as mi-
croarray analysis and sequencing. These methods and 
the variety of iterations within each general method 
have been reviewed in detail by Lowes et al.138 Thus, 
this review focuses instead on massively parallel or 
next-generation sequencing and the practical appli-
cations pertaining to patient care and personalized 
medicine. 

The method of molecular characterization is gen-
erating interest because of the multiplexing capability 
and the generation of clonal evolution information 
that may point to a key player in the progression 
of cancer.139-142 After enumeration and classification, 
delving into the genetic makeup of CTCs may be 
important because such data may provide additional 
information on the mutational status of the tumor. 
Although the technologies used to isolate individual 
CTCs are technically demanding, they are beginning 

to take shape and become available. The technology 
now exists to look into the genome of individual 
CTCs, potentially discovering the genetic drivers that 
allow tumors to progress and evade therapy. Learning 
more about the genetic makeup of a tumor may allow 
researchers to discover new and potentially import-
ant driver mutations, give biotechnology investigators 
the information they need to develop novel drugs 
that target those mutations, and inform health care 
professionals on how to better treat and cure more 
patients with cancer.

However, this is a formable task; simply knowing 
that a DNA mutation exists does not necessarily mean 
it is important for tumor development or that it is the 
only mutation within the tumor. Temporal, spatial, and 
biological considerations, among many others, may 
affect the way an individual tumor is developing, but 
even this view may be too narrow. There are cave-
ats. For example, given that primary and metastatic 
tumors as well as CTCs are generally heterogeneous, 
how many individual CTCs should be characterized to 
achieve a reasonably confident estimate of the make-
up of CTCs in the circulation? Which genetic profile — 
if there are multiple variations as there undoubtedly 
will be — represents the most meaningful mutational 
“snapshot” of the tumor? Which driver mutations will 
give individual CTCs the selective advantage to seed 
and create new metastases? These and many other 
questions must first be answered.

In a molecular analysis of comprehensive genom-
ic profiling of CTCs from patients with stage 4 col-
orectal carcinoma using array comparative genomic 
hybridization (CGH) and next-generation sequencing, 
researchers discovered that the primary tumor differs 
from a liver metastatic tumor, which also differs from 
CTCs.143 When deep sequencing the primary tumor, 
they determined that mutations thought to be unique 
to CTCs instead originated from small subpopulations 
within the primary tumor.143 

As proof of concept, Lohr et al144 established a 
standardized process for isolating, qualifying, and 
retrieving pure CTCs in a study of metastatic pros-
tate cancer; they also generated and quantified inde-
pendent libraries for whole exome sequencing from 
magnetically isolated CTCs. This approach looked to 
find mutations in early tumor evolution (early trunk) 
or metastatic precursor (metastatic trunk) mutations 
but did not emphasize private, somatic, single-nu-
cleotide variant mutations from single CTCs. Rather, 
the researchers used consensus-based variant calling 
to obtain a combined 19-CTC composite of the CTC 
population.144 The process worked well for individuals 
with cancer who had more than 5 CTCs per 3.75 mL of 
blood and generated high-quality libraries for whole 
exome sequencing.144 The researchers were also able 
to identify 10 early trunk mutations, including TP53, 

Fig. — High levels of EpCAM expression in tumor cells are controversial. 
EpCAM expression is associated with a good prognosis in RCC, esophageal 
cancer, and thyroid cancer, but with a worse prognosis in breast, pancreatic, 
and gallbladder cancers. EpCAM expression has no clear correlation with 
prognosis in epithelial ovarian, lung, and prostate cancers. EpCAM = epithelial 
cell adhesion molecule, RCC = renal cell carcinoma.
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found in the primary tumor and metastasis; 90% of 
these were found in the CTCs analyzed.144 This finding 
implies that the cancer came from a single ancestor and 
then diverged. Lohr et al144 also found 56 metastatic 
trunk mutations present in the primary tumor and me-
tastasis, and 73% of these were also found in the CTCs.

Magbanua et al145 developed a new CTC isolation 
method based on immunomagnetic enrichment via the 
CellSearch System and fluorescent-activated cell sorting 
followed by genomic analysis, including profiled copy 
number variation (CNV) by CGH and whole genome 
amplification. CTCs from 9 individuals with castrate-re-
sistant prostate cancer were successfully profiled and 
had multiple copy number aberrations, including gains 
in 8q and losses in 8p, as previously reported.146,147 The 
androgen receptor locus had high CNV in 78% of the 
cases.145 Similarly, in metastatic breast cancers, CTCs in 
102 of 181 individuals were profiled and revealed a 
wide range in CNV; serial testing of the CTCs was also 
performed that confirmed reproducibility and indicat-
ed genomic changes over time.148 In addition, an array 
CGH analysis confirmed that primary tumors and nodal 
metastasis were highly correlated with each other but 
less so with CTCs, suggesting that a CTC copy number 
analysis might provide information about the progres-
sion of the tumor in real time.148 This can be advanta-
geous for health care professionals who may need to 
change therapeutic interventions based on the genetic 
signature of the CTCs.

In a study of individuals with colorectal cancer, 
a group of researchers isolated single CTCs using a 
micromanipulator and showed by array CGH, muta-
tional profiling, and microsatellite instability analysis 
that heterogeneity exists between tissue and CTCs 
and single CTCs.149 In addition, transcriptional analy-
sis revealed a down regulation of epithelial markers  
(EpCAM, CK19, and carcinoembryonic antigen), CTC 
dormancy (reduced Ki67 and c-Myc expression), and 
an immune escape phenotype (overexpression of 
CD47, an antiphagocytic signal expressed on cancer 
cells that signals to macrophages and dendritic cells) 
compared with the corresponding tumor tissue.149 This 
analysis highlighted the survival mechanisms of CTCs 
and their ability to escape the immune response against 
tumors, a signature event in the metastatic process. 

In patients with lung cancer, reproducible CNV 
patterns can be found from single CTCs using multiple 
annealing and looping-based amplification cycles.150 
Study findings suggest that gains and losses of copy 
numbers at certain chromosome regions during me-
tastasis are selected for and supply the tumor cells 
with a survival advantage in the circulatory system.150 
The study researchers also found that a small number 
of individuals with lung adenocarcinoma (N = 4) ex-
hibited nearly identical global CNV patterns (78% of 
the gain and loss regions were shared).150 This finding 

could suggest the possibility that CTC CNV analysis 
may be a biomarker for lung adenocarcinoma.

It is likely that the genetic analysis of CTCs will 
be an important area in the development of biomark-
ers for cancer. However, questions still remain about 
whether circulating tumor DNA (ctDNA) may be a 
better or more useful biomarker than CTC analysis. 
Evidence is accumulating, and analysis of 62 normal 
and clinically matched samples showed that CTC DNA 
returned actionable mutations 3 times more often than 
ctDNA, and ctDNA produced 7 times more false-posi-
tive results and 50 times more variation in sensitivity 
rates than CTC DNA.151 These are preliminary data; 
more studies are needed before such a question can 
be fully answered.

However, it is likely that ctDNA will be a comple-
mentary assay to CTCs, providing information on the 
global tumor load in a patient and the indicators of 
the genomic conditions of active and dormant cancer 
cells undergoing apoptosis. In this setting, CTCs more 
likely represent a real-time glimpse of the biological 
and functional condition of viable malignant cells and 
may provide opportunities for a pharmacodynamic 
evaluation and rapid treatment switching to optimize 
therapy for patients with cancer.

Conclusions
Circulating tumor cells (CTCs) play a key role in the 
metastatic process. Ever since the CellSearch System 
was first approved by the US Food and Drug Admin-
istration for the enumeration of these rare cells and 
was shown to have prognostic value, emphasis has 
been placed on using these cells to further evaluate  
tumors. The ability to have a noninvasive, therapeu-
tically relevant diagnostic test has great appeal for 
health care professionals and patients alike. Discover-
ing the genetic potential of these cells will no doubt 
lead to a better understanding of the evolution of 
tumors in patients with cancer. 

The future of CTC research is bright. As research-
ers develop more precise CTC phenotypic markers, 
such as ERBB2, EGFR, heparanase, and notch1, a 
signature found in CTCs of metastatic breast tumors 
that colonize the brain,124 the ability to further de-
lineate CTC subsets will become a reality. Although 
the concept of CTCs is not a novel one, this field of 
study is still in its infancy. With the development of 
better isolation methods, coupled with improvements 
in technologies that allow for the genetic character-
ization of CTCs, new discoveries about how tumors 
progress, their metastatic potential, and the time-de-
pendent nature of tumor progression will most cer-
tainly occur. However, to achieve reliable and compa-
rable results, researchers must standardize the types 
of isolation methods they use. It is likely that different 
isolations methods, with unique limitations, could 
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give different results.
Many more questions still need answers to realize 

the potential of CTCs. Because CTCs are a heteroge-
neous population of cells, single-cell genetic analysis 
will be required, as will searching the profile(s), de-
termining the metastatic potential of the tumor cell, 
and understanding the copy number variations of 
specific genes known to be critical in CTCs. In their 
study of lung cancer, Ni et al150 illustrated that all 
CTCs from a given individual, irrespective of cancer 
subtype, showed reproducible copy number varia-
tion patterns similar to the metastatic tumor in the 
same individual. 

An intriguing advantage of the liquid biopsy and 
CTC analysis is the ability to serially sample and mon-
itor in real time. Until now, health care profession-
als have seen snapshots of the tumor, instead of the 
full picture, and the “average” profile. Monitoring the 
progression of cancer is a significant advantage for 
health care professionals who may change therapeu-
tic interventions in their patients based on real-time 
information. If a treatment course has failed (based 
on the elevated CTC level), then the patient could be 
switched to another therapy earlier. 

In addition, detailing the genetic makeup of CTCs 
over time may allow personalized medicine to be-
come a reality by addressing specific mutations rather 
than using chemotherapeutic approaches that do not 
selectively kill all tumor cells. It is unlikely that an 
analysis of CTCs will be the answer to all of the bio-
logical questions related to tumors, but it is possible 
that analyzing CTCs may unlock enough information 
about them to arm health care professionals with 
the data needed to improve the quality, efficacy, and 
effectiveness of therapies aimed at eradicating cancer.

References
 1. Binder M, Roberts C, Spencer N, et al. On the antiquity of cancer: 
evidence for metastatic carcinoma in a young man from ancient Nubia  
(c. 1200 BC). PLoS One. 2014;9(3):e90924.
 2. American Cancer Society. Cancer Facts & Figures 2015. Atlanta, GA: 
American Cancer Society; 2015. http://www.cancer.org/acs/groups/content 
/@editorial/documents/document/acspc-044552.pdf. Accessed April 7, 2015.
 3. Gupta GP, Massagué J. Cancer metastasis: building a framework. Cell. 
2006;127(4):679-695.
 4. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;100(1):57-70.
 5. De Morgan C. Observations on cancer: its pathology, and its relations 
to the organism and to other morbid growths. Lancet. 1874;103(2636):325-329.
 6. Ashworth TR. A case of cancer in which cells similar to those in the 
tumors were seen in the blood after death. Aust Med J. 1869;14:146-147.
 7. Pool EH, Dunlop GR. Cancer cells in the blood stream. Am J Cancer. 
1934;21:99-102.
 8. Cristofanilli M, Budd GT, Ellis MJ, et al. Circulating tumor cells, dis-
ease progression, and survival in metastatic breast cancer. N Engl J Med. 
2004;351(8):781-791.
 9. Cristofanilli M, Hayes DF, Budd GT, et al. Circulating tumor cells: a novel 
prognostic factor for newly diagnosed metastatic breast cancer [Erratum appears 
in J Clin Oncol. 2005;23(21):4808]. J Clin Oncol. 2005;23(7):1420-1430.
 10. Hayes DF, Cristofanilli M, Budd GT, et al. Circulating tumor cells at 
each follow-up time point during therapy of metastatic breast cancer patients 
predict progression-free and overall survival. Clin Cancer Res. 2006;12(14 pt 
1):4218-4224.
 11. Nolé F, Munzone E, Zorzino L, et al. Variation of circulating tumor cell 
levels during treatment of metastatic breast cancer: prognostic and therapeutic 
implications. Ann Oncol. 2008;19(5):891-897.

 12. Rack B, Schindlbeck C, Jückstock J, et al; SUCCESS Study Group. 
Circulating tumor cells predict survival in early average-to-high risk breast 
cancer patients [Erratum appears in J Natl Cancer Inst. 2014;106(8):dju273]. 
J Natl Cancer Inst. 2014;106(5):dju066.
 13. Cohen SJ, Punt CJ, Iannotti N, et al. Relationship of circulating tumor 
cells to tumor response, progression-free survival, and overall survival in pa-
tients with metastatic colorectal cancer. J Clin Oncol. 2008;26(19):3213-3221.
 14. Tol J, Koopman M, Miller MC, et al. Circulating tumour cells early predict 
progression-free and overall survival in advanced colorectal cancer patients treated 
with chemotherapy and targeted agents. Ann Oncol. 2010;21(5):1006-1012.
 15. Steinert G, Schölch S, Koch M, et al. Biology and significance of circu-
lating and disseminated tumour cells in colorectal cancer. Langenbecks Arch 
Surg. 2012;397(4):535-542.
 16. de Bono JS, Scher HI, Montgomery RB, et al. Circulating tumor cells 
predict survival benefit from treatment in metastatic castration-resistant pros-
tate cancer. Clin Cancer Res. 2008;14(19):6302-6309.
 17. Scher HI, Jia X, de Bono JS, et al. Circulating tumour cells as prognostic 
markers in progressive, castration-resistant prostate cancer: a reanalysis of 
IMMC38 trial data. Lancet Oncol. 2009;10(3):233-239.
 18. Olmos D, Arkenau HT, Ang JE, et al. Circulating tumour cell (CTC) 
counts as intermediate end points in castration-resistant prostate cancer 
(CRPC): a single-centre experience. Ann Oncol. 2009;20(1):27-33.
 19. Danila DC, Heller G, Gignac GA, et al. Circulating tumor cell number 
and prognosis in progressive castration-resistant prostate cancer. Clin Cancer 
Res. 2007;13(23):7053-7058.
 20. Goldkorn A, Ely B, Quinn DI, et al. Circulating tumor cell counts are 
prognostic of overall survival in SWOG S0421: a phase III trial of docetaxel 
with or without atrasentan for metastatic castration-resistant prostate cancer. 
J Clin Oncol. 2014;32(11):1136-1142.
 21. van de Stolpe A, Pantel K, Sleijfer S, et al. Circulating tumor cell isolation 
and diagnostics: toward routine clinical use. Cancer Res. 2011;71(18):5955-5960.
 22. Zhang L, Riethdorf S, Wu G, et al. Meta-analysis of the prognostic value of 
circulating tumor cells in breast cancer. Clin Cancer Res. 2012;18(20):5701-5710.
 23. Bidard FC, Hajage D, Bachelot T, et al. Assessment of circulating tumor 
cells and serum markers for progression-free survival prediction in meta-
static breast cancer: a prospective observational study. Breast Cancer Res. 
2012;14(1):R29.
 24. Nakamura S, Yagata H, Ohno S, et al. Multi-center study evaluating 
circulating tumor cells as a surrogate for response to treatment and overall 
survival in metastatic breast cancer. Breast Cancer. 2010;17(3):199-204.
 25. Smerage JB, Barlow WE, Hortobagyi GN, et al. Circulating tumor cells 
and response to chemotherapy in metastatic breast cancer: SWOG S0500.  
J Clin Oncol. 2014;32(31):3483-3489.
 26. Pierga JY, Hajage D, Bachelot T, et al. High independent prognostic 
and predictive value of circulating tumor cells compared with serum tumor 
markers in a large prospective trial in first-line chemotherapy for metastatic 
breast cancer patients. Ann Oncol. 2012;23(3):618-624.
 27. De Giorgi U, Valero V, Rohren E, et al. Circulating tumor cells and 
[18F]fluorodeoxyglucose positron emission tomography/computed tomog-
raphy for outcome prediction in metastatic breast cancer. J Clin Oncol. 
2009;27(20):3303-3311.
 28. Budd GT, Cristofanilli M, Ellis MJ, et al. Circulating tumor cells versus 
imaging--predicting overall survival in metastatic breast cancer. Clin Cancer 
Res. 2006;12(21):6403-6409.
 29. Liu MC, Shields PG, Warren RD, et al. Circulating tumor cells: a use-
ful predictor of treatment efficacy in metastatic breast cancer. J Clin Oncol. 
2009;27(31):5153-5159.
 30. Chiang AC, Massagué J. Molecular basis of metastasis. N Engl J Med. 
2008;359(26):2814-2823.
 31. Vashist YK, Effenberger KE, Vettorazzi E, et al. Disseminated tumor 
cells in bone marrow and the natural course of resected esophageal cancer. 
Ann Surg. 2012;255(6):1105-1112.
 32. Kim MY, Oskarsson T, Acharyya S, et al. Tumor self-seeding by circu-
lating cancer cells. Cell. 2009;139(7):1315-1326.
 33. Ross AA, Cooper BW, Lazarus HM, et al. Detection and viability of 
tumor cells in peripheral blood stem cell collections from breast cancer pa-
tients using immunocytochemical and clonogenic assay techniques. Blood. 
1993;82(9):2605-2610.
 34. Bednarz-Knoll N, Alix-Panabières C, Pantel K. Clinical relevance and 
biology of circulating tumor cells. Breast Cancer Res. 2011;13(6):228.
 35. Hogan BV, Peter MB, Shenoy H, et al. Circulating tumour cells in breast 
cancer: prognostic indicators, metastatic intermediates, or irrelevant bystand-
ers? Mol Med Rep. 2008;1(6):775-779.
 36. Hou JM, Krebs M, Ward T, et al. Circulating tumor cells, enumeration 
and beyond. Cancers (Basel). 2010;2(2):1236-1250.
 37. Paterlini-Brechot P, Benali NL. Circulating tumor cells (CTC) detection: 
clinical impact and future directions. Cancer Lett. 2007;253(2):180-204.
 38. Krebs MG, Hou JM, Ward TH, et al. Circulating tumour cells: their 
utility in cancer management and predicting outcomes. Ther Adv Med Oncol. 
2010;2(6):351-365.
 39. Bednarz-Knoll N, Alix-Panabières C, Pantel K. Plasticity of disseminat-
ing cancer cells in patients with epithelial malignancies. Cancer Metastasis 
Rev. 2012;31(3-4):673-687.
 40. Danila DC, Pantel K, Fleisher M, et al. Circulating tumors cells as biomark-



April 2015, Vol. 22, No. 2 Cancer Control 175

ers: progress toward biomarker qualification. Cancer J. 2011;17(6):438-450.
 41. Barradas AM, Terstappen LW. Towards the biological understanding 
of CTC: capture technologies, definitions and potential to create metastasis. 
Cancers (Basel). 2013;5(4):1619-1642.
 42. O’Flaherty JD, Gray S, Richard D, et al. Circulating tumour cells, 
their role in metastasis and their clinical utility in lung cancer. Lung Cancer. 
2012;76(1):19-25.
 43. Food and Drug Administration; HHS. Medical devices; immunology 
and microbiology devices; classification of the immunomagnetic circula-
tin cancer cell selection and enumeration system. Final rule. Fed Regist. 
2004;69(91):26036-26038.
 44. Riethdorf S, Fritsche H, Müller V, et al. Detection of circulating tumor 
cells in peripheral blood of patients with metastatic breast cancer: a validation 
study of the CellSearch system. Clin Cancer Res. 2007;13(3):920-928.
 45. Lloyd JM, McIver CM, Stephenson SA, et al. Identification of early-stage 
colorectal cancer patients at risk of relapse post-resection by immunobead 
reverse transcription-PCR analysis of peritoneal lavage fluid for malignant 
cells. Clin Cancer Res. 2006;12(2):417-423.
 46. Hardingham JE, Kotasek D, Sage RE, et al. Detection of circulating 
tumor cells in colorectal cancer by immunobead-PCR is a sensitive prognostic 
marker for relapse of disease. Mol Med. 1995;1(7):789-794.
 47. Hardingham JE, Hewett PJ, Sage RE, et al. Molecular detection of 
blood-borne epithelial cells in colorectal cancer patients and in patients with 
benign bowel disease. Int J Cancer. 2000;89(1):8-13.
 48. Cohen SJ, Punt CJ, Iannotti N, et al. Prognostic significance of circu-
lating tumor cells in patients with metastatic colorectal cancer. Ann Oncol. 
2009;20(7):1223-1229.
 49. Krebs MG, Sloane R, Priest L, et al. Evaluation and prognostic signif-
icance of circulating tumor cells in patients with non-small-cell lung cancer.  
J Clin Oncol. 2011;29(12):1556-1563.
 50. Hou JM, Krebs MG, Lancashire L, et al. Clinical significance and molec-
ular characteristics of circulating tumor cells and circulating tumor microemboli 
in patients with small-cell lung cancer. J Clin Oncol. 2012;30(5):525-532.
 51. Miller MC, Doyle GV, Terstappen LW. Significance of circulating tumor 
cells detected by the CellSearch System in patients with metastatic breast 
colorectal and prostate cancer. J Oncol. 2010;2010:617421.
 52. Allard WJ, Matera J, Miller MC, et al. Tumor cells circulate in the pe-
ripheral blood of all major carcinomas but not in healthy subjects or patients 
with nonmalignant diseases. Clin Cancer Res. 2004;10(20):6897-6904.
 53. Pantel K, Denève E, Nocca D, et al. Circulating epithelial cells in patients 
with benign colon diseases. Clin Chem. 2012;58(5):936-940.
 54. Meng S, Tripathy D, Frenkel EP, et al. Circulating tumor cells in patients 
with breast cancer dormancy. Clin Cancer Res. 2004;10(24):8152-8162.
 55. Méhes G, Witt A, Kubista E, et al. Circulating breast cancer cells are 
frequently apoptotic. Am J Pathol. 2001;159(1):17-20.
 56. Larson CJ, Moreno JG, Pienta KJ, et al. Apoptosis of circulating tumor 
cells in prostate cancer patients. Cytometry A. 2004;62(1):46-53.
 57. Hanna N. Inhibition of experimental tumor metastasis by selective 
activation of natural killer cells. Cancer Res. 1982;42(4):1337-1342.
 58. Hoek K, Rimm DL, Williams KR, et al. Expression profiling reveals 
novel pathways in the transformation of melanocytes to melanomas. Cancer 
Res. 2004;64(15):5270-5282.
 59. Green TL, Cruse JM, Lewis RE, et al. Circulating tumor cells (CTCs) 
from metastatic breast cancer patients linked to decreased immune function 
and response to treatment. Exp Mol Pathol. 2013;95(2):174-179.
 60. Al-Hajj M, Wicha MS, Benito-Hernandez A, et al. Prospective iden-
tification of tumorigenic breast cancer cells. Proc Natl Acad Sci U S A. 
2003;100(7):3983-3988.
 61. Southam CM, Brunschwig A. Quantitative studies of autotransplantation 
of human cancer. Preliminary report. Cancer. 1961;14(5):971-978.
 62. Al-Hajj M, Clarke MF. Self-renewal and solid tumor stem cells. Onco-
gene. 2004;23(43):7274-7282.
 63. Fidler IJ. Metastasis: quantitative analysis of distribution and fate of 
tumor embolilabeled with 125 I-5-iodo-2’-deoxyuridine. J Natl Cancer Inst. 
1970;45(4):773-782.
 64. Chaffer CL, Weinberg RA. A perspective on cancer cell metastasis. 
Science. 2011;331(6024):1559-1564.
 65. Plaks V, Koopman CD, Werb Z. Cancer. Circulating tumor cells. Science. 
2013;341(6151):1186-1188.
 66. Thiery JP, Sleeman JP. Complex networks orchestrate epithelial-mes-
enchymal transitions. Nat Rev Mol Cell Biol. 2006;7(2):131-142.
 67. Yang J, Weinberg RA. Epithelial-mesenchymal transition: at the cross-
roads of development and tumor metastasis. Dev Cell. 2008;14(6):818-829.
 68. Thiery JP. Epithelial-mesenchymal transitions in tumour progression. 
Nat Rev Cancer. 2002;2(6):442-454.
 69. Pantel K, Brakenhoff RH, Brandt B. Detection, clinical relevance and 
specific biological properties of disseminating tumour cells. Nat Rev Cancer. 
2008;8(5):329-340.
 70. Joosse SA, Pantel K. Biologic challenges in the detection of circulating 
tumor cells. Cancer Res. 2013;73(1):8-11.
 71. Weinberg RA. Twisted epithelial-mesenchymal transition blocks senes-
cence. Nat Cell Biol. 2008;10(9):1021-1023.
 72. Guilford P, Hopkins J, Harraway J, et al. E-cadherin germline mutations 
in familial gastric cancer. Nature. 1998;392(6674):402-405.

 73. Vincent-Salomon A, Thiery JP. Host microenvironment in breast cancer 
development: epithelial-mesenchymal transition in breast cancer development. 
Breast Cancer Res. 2003;5(2):101-106.
 74. Fujita Y, Krause G, Scheffner M, et al. Hakai, a c-Cbl-like protein, ubiq-
uitinates and induces endocytosis of the E-cadherin complex. Nat Cell Biol. 
2002;4(3):222-231.
 75. Pece S, Gutkind JS. E-cadherin and Hakai: signalling, remodeling or 
destruction? Nat Cell Biol. 2002;4(4):E72-74.
 76. Peinado H, Portillo F, Cano A. Transcriptional regulation of cadherins 
during development and carcinogenesis. Int J Dev Biol. 2004;48(5-6):365-375.
 77. Christofori G, Semb H. The role of the cell-adhesion molecule E-cad-
herin as a tumour-suppressor gene. Trends Biochem Sci. 1999;24(2):73-76.
 78. Tomita K, van Bokhoven A, van Leenders GJ, et al. Cadherin switching 
in human prostate cancer progression. Cancer Res. 2000;60(13):3650-3654.
 79. Nieman MT, Prudoff RS, Johnson KR, et al. N-cadherin promotes mo-
tility in human breast cancer cells regardless of their E-cadherin expression. 
J Cell Biol. 1999;147(3):631-644.
 80. Zavadil J, Cermak L, Soto-Nieves N, et al. Integration of TGF-beta 
/Smad and Jagged1/Notch signalling in epithelial-to-mesenchymal transition. 
EMBO J. 2004;23(5):1155-1165.
 81. Medici D, Hay ED, Goodenough DA. Cooperation between snail and 
LEF-1 transcription factors is essential for TGF-beta1-induced epithelial-mes-
enchymal transition. Mol Biol Cell. 2006;17(4):1871-1879.
 82. Zavadil J, Böttinger EP. TGF-beta and epithelial-to-mesenchymal tran-
sitions. Oncogene. 2005;24(37):5764-5774.
 83. Cano A, Pérez-Moreno MA, Rodrigo I, et al. The transcription factor 
snail controls epithelial-mesenchymal transitions by repressing E-cadherin 
expression. Nat Cell Biol. 2000;2(2):76-83.
 84. Hajra KM, Chen DY, Fearon ER. The SLUG zinc-finger protein represses 
E-cadherin in breast cancer. Cancer Res. 2002;62(6):1613-1618.
 85. Rosivatz E, Becker I, Specht K, et al. Differential expression of the 
epithelial-mesenchymal transition regulators snail, SIP1, and twist in gastric 
cancer. Am J Pathol. 2002;161(5):1881-1891.
 86. Bolós V, Peinado H, Pérez-Moreno MA, et al. The transcription factor 
Slug represses E-cadherin expression and induces epithelial to mesenchymal 
transitions: a comparison with Snail and E47 repressors. J Cell Sci. 2003;116(pt 
3):499-511.
 87. Comijn J, Berx G, Vermassen P, et al. The two-handed E box binding 
zinc finger protein SIP1 downregulates E-cadherin and induces invasion. Mol 
Cell. 2001;7(6):1267-1278.
 88. Mani SA, Yang J, Brooks M, et al. Mesenchyme Forkhead 1 (FOXC2) 
plays a key role in metastasis and is associated with aggressive basal-like 
breast cancers. Proc Natl Acad Sci U S A. 2007;104(24):10069-10074.
 89. Hartwell KA, Muir B, Reinhardt F, et al. The Spemann organizer 
gene, Goosecoid, promotes tumor metastasis. Proc Natl Acad Sci U S A. 
2006;103(50):18969-18974.
 90. May CD, Sphyris N, Evans KW, et al. Epithelial-mesenchymal transition 
and cancer stem cells: a dangerously dynamic duo in breast cancer progres-
sion. Breast Cancer Res. 2011;13(1):202.
 91. Ocaña OH, Córcoles R, Fabra A, et al. Metastatic colonization requires 
the repression of the epithelial-mesenchymal transition inducer Prrx1. Cancer 
Cell. 2012;22(6):709-724.
 92. Brabletz T. EMT and MET in metastasis: where are the cancer stem 
cells? Cancer Cell. 2012;22(6):699-701.
 93. Paget S. Distribution of secondary growth in cancer of the breast. 
Lancet. 1889;1:99-101.
 94. Pantel K, Brakenhoff RH. Dissecting the metastatic cascade. Nat Rev 
Cancer. 2004;4(6):448-456.
 95. Hess KR, Varadhachary GR, Taylor SH, et al. Metastatic patterns in 
adenocarcinoma. Cancer. 2006;106(7):1624-1633.
 96. Fidler IJ. The pathogenesis of cancer metastasis: the ‘seed and soil’ 
hypothesis revisited. Nat Rev Cancer. 2003;3(6):453-458.
 97. Kang Y, Siegel PM, Shu W, et al. A multigenic program mediating breast 
cancer metastasis to bone. Cancer Cell. 2003;3(6):537-549.
 98. Wittekind C, Neid M. Cancer invasion and metastasis. Oncology. 
2005;69(suppl 1):14-16.
 99. Schmidt-Kittler O, Ragg T, Daskalakis A, et al. From latent dissemi-
nated cells to overt metastasis: genetic analysis of systemic breast cancer 
progression. Proc Natl Acad Sci U S A. 2003;100(13):7737-7742.
 100. Bernards R, Weinberg RA. A progression puzzle. Nature. 
2002;418(6900):823.
 101. Uhr JW, Pantel K. Controversies in clinical cancer dormancy. Proc Natl 
Acad Sci U S A. 2011;108(30):12396-12400.
 102. Danova M, Torchio M, Mazzini G. Isolation of rare circulating tumor 
cells in cancer patients: technical aspects and clinical implications. Expert 
Rev Mol Diagn. 2011;11(5):473-485.
 103. Harouaka R, Kang Z, Zheng SY, et al. Circulating tumor cells: advances 
in isolation and analysis, and challenges for clinical applications. Pharmacol 
Ther. 2014;141(2):209-221.
 104. van de Stolpe A, den Toonder JM. Circulating tumor cells: what is in it for 
the patient? A vision towards the future. Cancers (Basel). 2014;6(2):1195-1207.
 105. Marrinucci D, Bethel K, Kolatkar A, et al. Fluid biopsy in patients with 
metastatic prostate, pancreatic and breast cancers. Phys Biol. 2012;9(1):016003.
 106. Greene BT, Hughes AD, King MR. Circulating tumor cells: the substrate 



176 Cancer Control April 2015, Vol. 22, No. 2

of personalized medicine? Front Oncol. 2012;2:69.
 107. Miyamoto DT, Sequist LV, Lee RJ. Circulating tumour cells-monitoring 
treatment response in prostate cancer. Nat Rev Clin Oncol. 2014;11(7):401-412.
 108. Magbanua MJ, Park JW. Advances in genomic characterization of 
circulating tumor cells. Cancer Metastasis Rev. 2014;33(2-3):757-769.
 109. Hyun KA, Jung HI. Advances and critical concerns with the microfluidic 
enrichments of circulating tumor cells. Lab Chip. 2014;14(1):45-56.
 110. Riahi R, Gogoi P, Sepehri S, et al. A novel microchannel-based device 
to capture and analyze circulating tumor cells (CTCs) of breast cancer. Int J 
Oncol. 2014;44(6):1870-1878.
 111. Yusa A, Toneri M, Masuda T, et al. Development of a new rapid isola-
tion device for circulating tumor cells (CTCs) using 3D palladium filter and its 
application for genetic analysis. PLoS One. 2014;9(2):e88821.
 112. Galletti G, Sung MS, Vahdat LT, et al. Isolation of breast cancer and 
gastric cancer circulating tumor cells by use of an anti HER2-based microfluidic 
device. Lab Chip. 2014;14(1):147-156.
 113. Ai M, Liang K, Lu Y, et al. Brk/PTK6 cooperates with HER2 and Src in 
regulating breast cancer cell survival and epithelial-to-mesenchymal transition. 
Cancer Biol Ther. 2013;14(3):237-245.
 114. Kirby BJ, Jodari M, Loftus MS, et al. Functional characterization of 
circulating tumor cells with a prostate-cancer-specific microfluidic device. PLoS 
One. 2012;7(4):e35976.
 115. Warkiani ME, Guan G, Luan KB, et al. Slanted spiral microfluidics 
for the ultra-fast, label-free isolation of circulating tumor cells. Lab Chip. 
2014;14(1):128-137.
 116. Sheng W, Ogunwobi OO, Chen T, et al. Capture, release and culture 
of circulating tumor cells from pancreatic cancer patients using an enhanced 
mixing chip. Lab Chip. 2014;14(1):89-98.
 117. Sollier E, Go DE, Che J, et al. Size-selective collection of circulating 
tumor cells using Vortex technology. Lab Chip. 2014;14(1):63-77.
 118. Sieuwerts AM, Kraan J, Bolt J, et al. Anti-epithelial cell adhesion mole-
cule antibodies and the detection of circulating normal-like breast tumor cells. 
J Natl Cancer Inst. 2009;101(1):61-66.
 119. Grover PK, Cummins AG, Price TJ, et al. Circulating tumour cells: 
the evolving concept and the inadequacy of their enrichment by Ep-
CAM-based methodology for basic and clinical cancer research. Ann Oncol. 
2014;25(8):1506-1516.
 120. Went PT, Lugli A, Meier S, et al. Frequent EpCam protein expression 
in human carcinomas. Hum Pathol. 2004;35(1):122-128.
 121. Eichelberg C, Chun FK, Bedke J, et al. Epithelial cell adhesion molecule 
is an independent prognostic marker in clear cell renal carcinoma. Int J Cancer. 
2013;132(12):2948-2955.
 122. Went P, Dirnhofer S, Salvisberg T, et al. Expression of epithelial cell 
adhesion molecule (EpCam) in renal epithelial tumors. Am J Surg Pathol. 
2005;29(1):83-88.
 123. Ensinger C, Kremser R, Prommegger R, et al. EpCAM overexpression 
in thyroid carcinomas: a histopathological study of 121 cases. J Immunother. 
2006;29(5):569-573.
 124. Zhang L, Ridgway LD, Wetzel MD, et al. The identification and char-
acterization of breast cancer CTCs competent for brain metastasis. Sci Transl 
Med. 2013;5(180):180ra148.
 125. Mego M, De Giorgi U, Dawood S, et al. Characterization of metastatic 
breast cancer patients with nondetectable circulating tumor cells. Int J Cancer. 
2011;129(2):417-423.
 126. Rao CG, Chianese D, Doyle GV, et al. Expression of epithelial cell 
adhesion molecule in carcinoma cells present in blood and primary and met-
astatic tumors. Int J Oncol. 2005;27(1):49-57.
 127. Kimura H, Kato H, Faried A, et al. Prognostic significance of EpCAM 
expression in human esophageal cancer. Int J Oncol. 2007;30(1):171-179.
 128. Seligson DB, Pantuck AJ, Liu X, et al. Epithelial cell adhesion molecule 
(KSA) expression: pathobiology and its role as an independent predictor of 
survival in renal cell carcinoma. Clin Cancer Res. 2004;10(8):2659-2669.
 129. Went P, Vasei M, Bubendorf L, et al. Frequent high-level expression of 
the immunotherapeutic target Ep-CAM in colon, stomach, prostate and lung 
cancers. Br J Cancer. 2006;94(1):128-135.
 130. Gastl G, Spizzo G, Obrist P, et al. Ep-CAM overexpression in breast 
cancer as a predictor of survival. Lancet. 2000;356(9246):1981-1982.
 131. Spizzo G, Went P, Dirnhofer S, et al. High Ep-CAM expression is as-
sociated with poor prognosis in node-positive breast cancer. Breast Cancer 
Res Treat. 2004;86(3):207-213.
 132. Schmidt M, Hasenclever D, Schaeffer M, et al. Prognostic effect of 
epithelial cell adhesion molecule overexpression in untreated node-negative 
breast cancer. Clin Cancer Res. 2008;14(18):5849-5855.
 133. Fong D, Steurer M, Obrist P, et al. Ep-CAM expression in pancreatic 
and ampullary carcinomas: frequency and prognostic relevance. J Clin Pathol. 
2008;61(1):31-35.
 134. Varga M, Obrist P, Schneeberger S, et al. Overexpression of epithelial 
cell adhesion molecule antigen in gallbladder carcinoma is an independent 
marker for poor survival. Clin Cancer Res. 2004;10(9):3131-3136.
 135. Stoecklein NH, Siegmund A, Scheunemann P, et al. Ep-CAM expression 
in squamous cell carcinoma of the esophagus: a potential therapeutic target 
and prognostic marker. BMC Cancer. 2006;6:165.
 136. Brunner A, Prelog M, Verdorfer I, et al. EpCAM is predominantly ex-
pressed in high grade and advanced stage urothelial carcinoma of the bladder. 

J Clin Pathol. 2008;61(3):307-310.
 137. Heinzelmann-Schwarz VA, Gardiner-Garden M, Henshall SM, et al. 
Overexpression of the cell adhesion molecules DDR1, Claudin 3, and Ep-
CAM in metaplastic ovarian epithelium and ovarian cancer. Clin Cancer Res. 
2004;10(13):4427-4436.
 138. Lowes LE, Allan AL. Recent advances in the molecular characterization 
of circulating tumor cells. Cancers (Basel). 2014;6(1):595-624.
 139. Roychowdhury S, Iyer MK, Robinson DR, et al. Personalized oncology 
through integrative high-throughput sequencing: a pilot study. Sci Transl Med. 
2011;3(111):111ra121.
 140. Liang WS, Craig DW, Carpten J, et al. Genome-wide characterization 
of pancreatic adenocarcinoma patients using next generation sequencing. 
PLoS One. 2012;7(10):e43192.
 141. Craig DW, O’Shaughnessy JA, Kiefer JA, et al. Genome and tran-
scriptome sequencing in prospective metastatic triple-negative breast cancer 
uncovers therapeutic vulnerabilities. Mol Cancer Ther. 2013;12(1):104-116.
 142. Landau DA, Carter SL, Getz G, et al. Clonal evolution in hematological 
malignancies and therapeutic implications. Leukemia. 2014;28(1):34-43.
 143. Heitzer E, Auer M, Gasch C, et al. Complex tumor genomes inferred 
from single circulating tumor cells by array-CGH and next-generation sequenc-
ing. Cancer Res. 2013;73(10):2965-2975.
 144. Lohr JG, Adalsteinsson VA, Cibulskis K, et al. Whole-exome sequencing 
of circulating tumor cells provides a window into metastatic prostate cancer. 
Nat Biotechnol. 2014;32(5):479-484.
 145. Magbanua MJ, Sosa EV, Scott JH, et al. Isolation and genomic analysis 
of circulating tumor cells from castration resistant metastatic prostate cancer. 
BMC Cancer. 2012;12:78.
 146. Sun J, Liu W, Adams TS, et al. DNA copy number alterations in 
prostate cancers: a combined analysis of published CGH studies. Prostate. 
2007;67(7):692-700.
 147. Bubendorf L, Kononen J, Koivisto P, et al. Survey of gene amplifications 
during prostate cancer progression by high-throughout fluorescence in situ 
hybridization on tissue microarrays. Cancer Res. 1999;59(4):803-806.
 148. Magbanua MJ, Sosa EV, Roy R, et al. Genomic profiling of isolated 
circulating tumor cells from metastatic breast cancer patients. Cancer Res. 
2013;73(1):30-40.
 149. Steinert G, Schölch S, Niemietz T, et al. Immune escape and surviv-
al mechanisms in circulating tumor cells of colorectal cancer. Cancer Res. 
2014;74(6):1694-1704.
 150. Ni X, Zhuo M, Su Z, et al. Reproducible copy number variation patterns 
among single circulating tumor cells of lung cancer patients. Proc Natl Acad 
Sci U S A. 2013;110(52):21083-21088.
 151. Strauss WM, Carter C, Klem E, et al. Molecular platforms for mutation 
analysis from whole blood derived clinical samples by NextGen sequencing. 
Poster presented at: Proceedings of the 105th Annual Meeting of the Ameri-
can Association for Cancer Research; April 5–9 2014; San Diego, CA. https://
static.squarespace.com/static/526eafafe4b0c46729f78d96/t/5348165ce4b-
02c0c8e9d5ce3/1397233244253/2014_AACR_CYN_Final.pdf. Accessed 
April 7, 2015.


