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Circulating tumor cells: approaches to isolation

and characterization
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Circulating tumor cells (CTCs) shed from primary and
metastatic cancers are admixed with blood components
and are thus rare, making their isolation and character-
ization a major technological challenge. CTCs hold the
key to understanding the biology of metastasis and pro-
vide a biomarker to noninvasively measure the evolution
of tumor genotypes during treatment and disease pro-
gression. Improvements in technologies to yield purer CTC
populations amenable to better cellular and molecular
characterization will enable a broad range of clinical
applications, including early detection of disease and the
discovery of biomarkers to predict treatment responses
and disease progression.

Introduction

Blood-borne metastasis is initiated by cancer cells that are trans-
ported through the circulation from the primary tumor to vital dis-
tant organs, and it is directly responsible for most cancer-related
deaths. Addressing this challenge, however, is confounded by our
limited understanding of the process by which tumor cells exit
from their primary site, intravasate into the circulation, and then
establish distant lesions in the lung, brain, liver, or bone. Tumor
cells that are identified in transit within the blood stream are re-
ferred to as circulating tumor cells (CTCs). Although their exact
composition is unknown, a fraction of these are thought to be via-
ble metastatic precursors capable of initiating a clonal metastatic
lesion. However, CTCs are extraordinarily rare (estimated at one
CTC per billion normal blood cells in the circulation of patients
with advanced cancer); our understanding of their biological
properties has thus been limited by the availability of technologies
capable of isolating them in sufficient numbers and under condi-
tions that are compatible with detailed molecular and functional
experiments. Despite the limitations of current CTC-isolating
methods, circulating cancer cells have been detected in a majority
of epithelial cancers, including those from breast, prostate, lung,
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and colon. Patients with metastatic lesions are more likely to have
CTCs detected in their blood; however, these have also been re-
ported in some localized cancers. A better understanding of the
identity of CTCs and the factors underlying their shedding into
the vasculature is critical to identifying the key drivers of human
cancer metastasis and devising rational therapeutic approaches.
Much of our current understanding of processes involved
in cancer metastasis has been derived from mouse models of me-
tastasis. Recent studies in these models have raised interesting
mechanistic insights. For example, CTCs captured in xenograft
prostate cancer models have highlighted the importance of
pathways conferring resistance to apoptosis in these cells
(Berezovskaya et al., 2005; Howard et al., 2008; Helzer et al.,
2009). In a mouse model of breast cancer, disseminated tumor cells
(DTCs) in the bone marrow can be detected in the premalignant
phases of breast cancer, suggesting an early spread to distant or-
gans (Hiisemann et al., 2008). Studies of the effects of epithelial—
mesenchymal transition (EMT) in the generation of CTCs and
distal metastases have suggested that this mesenchymal trans-
formation may enhance the ability of cells to intravasate but may
reduce their competence to initiate overt metastases (Tsuji et al.,
2008, 2009). Mouse studies have also identified bone marrow—
derived hematopoietic progenitor cells that express VEGF recep-
tor 1 (VEGFR1) and may form a premetastatic niche that precedes
the arrival of tumor cells (Kaplan et al., 2005). Moreover, Kim
etal., (2009) have recently proposed a new concept of tumor self-
seeding, in which injected tagged human cancer cell lines may
colonize an existing tumor deposit, with the newly recruited
tumor cells conferring increased aggressiveness to the existing
tumor. Finally, the possibility of intravascular proliferation of
CTCs adherent to vascular endothelium has been proposed based
on in vivo imaging of tagged cells (Al-Mehdi et al., 2000).
Although these mouse studies offer fascinating insights into
potential mechanisms of metastasis, certain limitations apply: xeno-
graft models using established human cancer cell lines do not
recapitulate the complex evolving vasculature and microenviron-
ment of endogenous cancers, nor, of course, does direct intravascu-
lar inoculation of cancer cell lines into the tail vein. On the other
hand, most endogenous mouse tumor models metastasize late, if at
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all, often in the setting of a massive primary tumor. Thus, although
instructive, mechanistic insights from experimental mouse models
must be validated by observational studies in human cancer.

The emergence of increasingly advanced and sensitive
technologies to isolate human CTCs provides the opportunity to
extend studies of cancer metastasis directly to human cancer. The
full range of potential applications for CTC analyses include real-
time noninvasive monitoring of CTCs as biomarkers of either
sensitivity or acquired resistance to new cancer therapies, identi-
fying new potential therapeutic targets to directly suppress cancer
metastasis, and as technologies for CTC detection become in-
creasingly sensitive and reliable, applying these at earlier stages
of cancer progression with the goal of early cancer detection.

Although the potential applications of CTC analyses appear
extraordinarily promising, the development of appropriate, high
throughput, and reliable technological platforms for rare tumor cell
detection within blood specimens remains the critical impediment.
In fact, appropriate interpretation of many reported molecular
analyses of CTCs requires an understanding of the technical limi-
tations of the assays used to make these observations. In the fol-
lowing sections, we will review the technologies currently available
for CTC isolation and the utility of CTCs as a diagnostic and prog-
nostic marker in various cancers and focus on the molecular prop-
erties of these rare cells, which may help define their biology.

CTC detection technologies
The presence of CTCs in an autopsy of a patient who succumbed
to advanced metastatic cancer was first reported in 1869
(Ashworth, 1869). To date, however, only limited information is
available about the numbers of these cells in the blood stream at
different stages of cancer and in different types of cancer, their
molecular and biological heterogeneity, and their significance in
the natural history of the disease. In the absence of any gold stan-
dard with which to measure various technologies, defining their
absolute accuracy, sensitivity, and specificity in detecting CTCs
remains a challenge. The ultimate goal, i.e., to efficiently isolate
this rare population of cells in a viable and intact state and with
high purity from the vast number of surrounding blood cells,
presents a formidable technological challenge. A variety of cur-
rently used approaches relying on either the physical properties,
expression of biomarkers, or functional characteristics of CTCs
are reviewed in the following sections. Although none of these
current approaches constitute the optimal platform for CTC isola-
tion, they each represent significant advances and provide a basis
from which to anticipate ongoing technological developments.
Nucleic acid-based detection of CTCs. Free DNA
and, to a lesser extent, RNA circulating in plasma from patients
with cancer have been described previously (Papadopoulou et al.,
2006; Gormally et al., 2007; Zanetti-Dillenbach et al., 2008; Yoon
et al., 2009). Schwarzenbach et al. (2007, 2009) have suggested a
link between the presence of CTCs (and DTCs) and the detection
of free tumor-derived DNA in serum/plasma of prostate cancer pa-
tients. However, the origin of these nucleic acids may also include
direct shedding from necrotic cells in tumor deposits, tumor-
derived exosomes, or cellular fragments or lysis of CTCs in the
bloodstream. Some approaches have focused on isolating nucleic
acids directly from cell-free plasma (Papadopoulou et al., 2006;
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Yoon et al., 2009), whereas others have first purified nucleated cells
followed by lysis and nucleic acid extraction. Molecular analysis
of DNA mutations have been described previously (Igetei et al.,
2008), and individual tumor-specific translocation breakpoints
have recently been sequenced by next-generation approaches
(Leary etal., 2010). Overall, the relatively low sensitivity of nucleic
acid analyses from free plasma or unpurified blood cell compo-
nents has been addressed by sampling relatively large blood vol-
umes as well as application of such next-generation sequencing
technologies with extraordinary sensitivity. Nonetheless, inter-
pretation of a negative test remains a concern because absence of a
defined molecular abnormality within a blood specimen cannot be
readily distinguished from insufficient amounts of tumor-derived
DNA in the circulation from an individual patient. At the RNA
level, RT-PCR analyses have also been applied, either to unpurified
plasma nucleic acids (Papadopoulou et al., 2006) or more com-
monly to enriched CTC populations. Tumor cell-specific mark-
ers have included cytokeratins, prostate-specific antigen (PSA),
mucin-1 (MUC-1), HER2, AFP (a-fetoprotein), and the CEA
(carcinoembryonic antigen) gene family among others (Louha
et al., 1997; de Cremoux et al., 2000; Hardingham et al., 2000;
Mejean et al., 2000; Wu et al., 2006; Xi et al., 2007). However,
significant challenges include the frequency of both false-
positive and false-negative PCR results and the difficulty in quan-
titating relative levels of expression without prepurification of
these extraordinarily rare cells (Paterlini-Brechot and Benali,
2007, Pantel et al., 2008).

Detection of CTCs based on their physical
properties. Although not absolute, several physical properties
distinguish CTCs from most normal blood cells. These include
the larger size of most epithelial cells and differences in density,
charge, migratory properties, and some properties of specific cell
types (e.g., melanocytic granules in melanoma cells). Differences
in buoyant density have been used to separate mononucleated
cells, including CTCs, from red blood cells through gradient
centrifugation, although CTCs still comprise a minute fraction
of mononucleated cells in the circulation (Gertler et al., 2003;
Miiller et al., 2005; Wiilfing et al., 2006; Morgan et al., 2007).

Isolation of CTCs by virtue of their increased size, com-
pared with leukocytes, has been applied using several different
filtration-based approaches, such as isolation by size of epithe-
lial tumor cells (Vona et al., 2000) and microelectromechanical
systems (Zheng et al., 2007). Although most CTCs derived from
epithelial cancers are in fact larger than leukocytes, there is a
significant variation in their size range (Marrinucci et al., 2007).
Several different pores and filter-based approaches have been
developed to prevent clogging and facilitate the retrieval of CTCs
(Mohamed et al., 2009; Tan et al., 2009). These approaches have
shown significant promise in capturing cancer cell lines spiked
into blood but will require further validation with clinical speci-
mens, in which both heterogeneous CTC size and resistance to
filtering shear stress are likely to be significant variables.

Capture of CTCs using antibodies against cell
surface antigens. The most widely used CTC isolation
techniques rely on antibody-based capture of CTCs, which ex-
press epithelial cell surface markers that are absent from normal
leukocytes. Among these, epithelial cell adhesion molecule
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(CAM [EpCAM]) is most commonly used because its expression
is virtually universal (albeit at variable levels) in cells of epithelial
origin, but it is absent in blood cells. Conjugation of antibodies
against EpCAM to magnetic beads, followed by purification of
captured cells through a magnetic field, has been used to enrich
CTCs from the blood of patients with cancers of the breast, pros-
tate, and colon. The CellSearch system (Veridex), a widely used
FDA (Food and Drug Administration)-approved method, uses
ferrofluids loaded with an EpCAM antibody to capture CTCs,
which are subsequently visualized by staining with a cocktail of
antibodies against the cytoplasmic epithelial cytokeratins (8, 18,
and 19; Riethdorf et al., 2007). Staining for the leukocyte-specific
marker CD45 is used as a control to exclude contaminating
leukocytes. Surprisingly, a significant number of cells appears to
stain both for cytokeratins and CD45; although the identity of
these dual-positive cells is not well understood, they are excluded
from enumeration, with CTCs defined as the subset of EpCAM-
captured cells that are confirmed as both positive for cytokeratins
and negative for CD45. Although this platform is the most stan-
dardized of any current technology and is now being tested for
clinical applications (see CTCs as prognostic markers), it suffers
from relatively low sensitivity: only a fraction of patients with
metastatic cancer scores positive for any CTCs, with a median
yield of approximately one CTC per milliliter and typically low
purity (Allard et al., 2004; Attard et al., 2009).

Our own group has developed a microfluidic platform for
single-step isolation of CTCs from unprocessed blood specimens

Figure 1. Micrographs of CTCs captured from
patients’ blood using an anti-EpCAM-coated
CTC-chip. (A-C) Combined fluorescent and re-
flected light micrographs of a cytokeratin 7/8
(green)-stained CTC captured from breast
cancer patient blood and a contaminating
CD45-positive (red) white blood cell (A) and
cytokeratin 7/8 (green, B} and PSA (green,
C)-stained CTCs captured from a prostate
cancer patient. (D and E) HER2 (green, D)-
and cytokeratin 7/8 (green, E)-stained CTCs
captured from a breast cancer patient.
(F and G) Individual and merged fluorescent
micrographs of CTCs captured from prostate
cancer patients’ blood stained positive for PSA
(green) and Ki-67 (red, proliferative marker, F),
and PSA (green) and M30 (red, apoptotic
marker) demonstrated the heterogeneity in
CTCs (G). In all panels, the nuclei are stained
with DAPI (blue). CK7/8, cytokeratin 7/8.
Bars, 10 pm.

(Nagrath et al., 2007; Maheswaran et al., 2008; Stott et al., 2010a).
The CTC-chip is a silicon chamber etched with 78,000 micro-
posts that are coated with an anti-EpCAM antibody. As 2—4 ml of
whole blood flows through the chip, flow kinetics have been opti-
mized for minimal shear stress on cells while enhancing contacts
with the antibody-coated microposts. Captured CTCs attached to
microposts are visualized by staining with antibodies against cyto-
keratin or tissue-specific markers (Fig. 1). For CTC enumeration,
the entire device is imaged at multiple planes using a semiauto-
mated imaging system while on-chip lysis allows for DNA and
RNA extraction and molecular analyses (Fig. 2). The CTC-chip
enables a high yield of capture (median, 50 CTCs per milliliter)
and purity (ranging from 0.1 to 50%), most likely caused by the
gentle one-step microfluidic processing, which may be critical
when purifying rare delicate cell populations (Nagrath et al.,
2007). Captured cells remain viable after capture, although the
absence of cell fixation currently limits the time allowed between
blood collection and microfluidic analysis to a few hours. Al-
though the CTC-chip assay is technically difficult and not yet
standardized for high throughput applications, the high number of
cells captured provides a dynamic range that allows longitudinal
monitoring of patients during therapy while improved (albeit still
highly variable) purity of captured CTCs enables molecular char-
acterization (see Molecular characterization of CTCs). Recently,
we have improved the microfluidic CTC isolation approach using
an enhanced platform, the herringbone (HB)-chip, which makes
use of a microvortex mixing device (Stott et al., 2010b). Instead of
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Patient Blood

Figure 2. lllustration of current and potential

CTC Isolation

CTCs Applications

applications of CTC technologies. The periph-
eral blood of a cancer patient is collected
and processed through various CTC isolation
technologies. CTCs are captured along with
contaminating leukocytes. Immunostaining for
specific markers and FISH for genomic ampli-
fication and translocation can be applied to
CTCs. DNA or RNA can be extracted from the
CTCs and subjected to sequencing, quantita-
tive RT-PCR (qRT-PCR), and potential expression
profile analysis. Viable cells can be released
and propagated in cell culture.
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using three-dimensional microposts to break up flow streamlines
and enhance cell collisions with antibody-coated posts, the
HB-chip uses calibrated microfluidic flow patterns to drive cells
into contact with the antibody-coated walls of the device. In addi-
tion to increased target cell capture efficiency, the less complex
design of the HB-chip is more amenable to high throughput man-
ufacture and reliable coating of the inner surface with antibodies
and allows for the chambers to be made out of transparent materi-
als, which greatly enhance high resolution imaging, including the
use of transmitted light microscopy.

Additional cell surface marker-based CTC detection
platforms are under development. Among these, standard flow
cytometry (FACS) has been tested (Simpson et al., 1995; Cruz
et al., 2005), although its sensitivity may be inadequate for de-
tection of extraordinarily rare cells (Allan et al., 2005). A mag-
netic stir bar, the slowly rotating MagSweeper, coated with an
antibody to EpCAM has also been tested to capture CTCs from
blood samples (Talasaz et al., 2009). To avoid the bias of select-
ing cells by virtue of EpCAM expression, negative selection
(i.e., removal of leukocytes, thereby leaving residual CTCs) has
been advocated. Although this strategy has the potential to
purify CTCs irrespective of presumed cell surface markers, the
extremely low prevalence of CTCs limits the yield accomplished
by negative selection (Tong et al., 2007; Tkaczuk et al., 2008;
Balasubramanian et al., 2009; Yang et al., 2009).

Additional innovative CTC detection strategies.
Several additional innovative approaches have been developed
with the goal of detecting these rare cells. Some of these make use
of interesting physical or biological properties of epithelial cells.
High throughput microscopic scanning approaches have been
adapted to screen for CTCs. Among these, fiber-optic array—
scanning technology involves deposition of nucleated cells on the
surface of a large glass slide, with scanning of cells positive for epi-
thelial or tumor-specific antigens (Krivacic et al., 2004; Marrinucci
et al., 2007). Laser-scanning cytometry extends this approach
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by using a combination of fluorescent labeling and forward
scatter to enhance identification of cells deposited on a glass
slide (Pachmann et al., 2005b). Both fiber-optic array—scanning
technology and laser-scanning cytometry enable cytological evalu-
ation of CTCs without the preselection bias derived from reliance
on their expression of specific cell surface markers, but the identifi-
cation of unpurified viable CTCs is less conducive for further mo-
lecular and biological characterization. Multiphoton intravital flow
cytometry detects CTCs tagged in vivo using injected fluores-
cent ligands as they flow through the vasculature (He et al., 2007).
Dielectric properties of cells, a measure of their plasma membrane
area affected by ruffles, folds, and microvilli, have also been used
to isolate CTCs from mixed cell populations (Gascoyne et al.,
2009). Photoacoustic flowmetry, making use of the broadband ab-
sorption spectrum of melanin, has been tested to detect melanoma
cells (Weight et al., 2009) and has been combined with nanoparti-
cles targeting cell surface antigens to broaden its applicability in
CTC detection (Galanzha et al., 2009a, b). The proclivity of meta-
static cells to ingest and invade through collagen has led to the de-
velopment of a technique whereby mononucleated blood cells are
seeded on fluorescent CAM-coated slides, and CTCs are visual-
ized as they ingest CAM (Paris et al., 2009; Lu et al., 2010).
Finally, staining of CTCs by virtue of detectable secreted products
(epithelial immunospot) has been developed as a functional screen
(Alix-Panabieres et al., 2007, 2009). Of note, most new technolo-
gies are developed and tested using cancer cell lines spiked into
control blood specimens. Extrapolation to the detection of real
CTCs in blood specimens from cancer patients presents a signifi-
cant challenge beyond cancer cell line experiments, given their
heterogeneity, variable expression of cell surface markers, and re-
duced ability to survive intact through complex purification pro-
cedures. Hence, extensive validation of novel technologies using
clinical specimens should be an integral part of assay development.

In summary, the existing CTC technologies rely on vari-
ous properties of CTCs, with each having unique advantages

Sequence \ \

920z Atenige4 g0 uo 1senb Aq Jpd L Z0010L0Z A9l/8EY8.GL/ELE/E/Z6 1 APd-alomue/qol/Bi0 ssaidnyy/:dny wol pspeojumoq



and limitations. Additional technologies are under development,
and future CTC capture platforms should aim for an efficient
capture of the entire diverse spectrum of tumor cells that circu-
late in the blood, followed by their molecular and functional
characterization. The inherent limitations of current CTC detec-
tion platforms should be considered when interpreting the liter-
ature about molecular properties of CTCs and their potential
clinical applications.

CTCs as prognostic markers
Despite the limitation of the various CTC detection technologies,
several studies with large cohorts of patients have been performed
to evaluate the clinical utility of CTC enumeration. Given the
need for high throughput standardization, most of these studies
have used the immunomagnetic bead capture assay, which is
commercially available. In general, these studies have concluded
that the presence of detectable CTCs in the blood serves as an in-
dependent prognostic factor in patients with cancers of the breast,
prostate, and colon. In patients with metastatic breast cancer,
CTC counts above five CTCs per 7.5 ml of blood before the
start of systemic therapy were associated with a shorter median
progression-free survival and overall survival (Cristofanilli et al.,
2004, 2008; Botteri et al., 2010). Additional studies extended
these analyses to use molecular endpoints, such as HER2 stain-
ing, and to patients with invasive localized breast cancer receiving
so-called neoadjuvant chemotherapy (Wiilfing et al., 2006; Pierga
et al., 2008). However, despite processing as much as 50 ml of
blood, CTCs were detected in only half of the patients, with the
number of HER2-positive cells ranging from one to eight CTCs
per 50 ml. Thus, although promising, these approaches empha-
size the critical need for increased sensitivity in CTC detection to
enable clinical applications. As with breast cancer, a correlation
between pretreatment CTC numbers and clinical prognosis has
been reported for patients with colorectal (Cohen et al., 2006)
and prostate cancers (Danila et al., 2007; de Bono et al., 2008;
Okegawa et al., 2009). Although these major prognostic studies
have focused on CTC enumeration using immunomagnetic bead
capture, others have correlated patient outcomes with the RT-PCR
analysis of unpurified mononucleated blood cell fractions to test
for expression of epithelial markers, including various keratins
and EpCAM (Weigelt et al., 2003; Masuda et al., 2005; Ignatiadis
etal., 2007). Quantifying PCR-based analysis of epithelial marker
expression without purification of rare CTCs from the massive
number of normal leukocytes in the circulation presents a signifi-
cant technical hurdle, although next-generation sequencing tech-
nologies may help address this challenge in the future.
Whichever technique for measuring CTCs is used, most
have shown that baseline (i.e., pretreatment) CTC numbers
among different cancer patients are not well correlated with
standard measures of tumor mass, including tumor size deter-
mined radiographically by x ray or CT (computed tomography)
scan or serum protein markers, such as PSA levels in prostate
cancer (Budd et al., 2006; Scher et al., 2009; Stott et al., 2010a).
Thus, the number of CTCs in the blood is not simply a measure
of tumor volume, but instead, it may reflect additional biological
features, possibly including tumor vascularity or invasiveness,
both of which may have distinct prognostic contributions.

CTC analyses in monitoring responses
to therapy
Whereas prognostic studies have focused on clinical outcomes
for patients who have baseline CTC counts above or below an
arbitrary threshold, correlating CTC numbers over time with re-
sponse to therapy requires that the CTC detection method be
sensitive enough to provide a dynamic range that can be followed
over time. Using a microfluidic CTC capture device, we were
able to show that the number of CTCs in patients with lung, pros-
tate, and other cancers declined rapidly after the initiation of
effective chemotherapy, hormonal therapy, or targeted kinase
inhibition (Nagrath et al., 2007; Maheswaran et al., 2008; Stott
et al., 2010a). Again, there was little correlation among different
patients between baseline CTC counts and radiographical mea-
sures of tumor volume before therapy. However, treatment-induced
changes in CTC numbers within individual patients followed
longitudinally were well correlated with standard measures of
tumor response, irrespective of baseline levels. Treatment-induced
changes in CTC numbers have also been reported in some early
breast cancer treated with neoadjuvant therapy using laser-
scanning cytometry (Pachmann et al., 2005a) and CellSearch
(Pierga et al., 2008), in adjuvant chemotherapy using OncoQuick
(Miiller et al., 2005), and in some metastatic breast and prostate
cancers using immunomagnetic bead isolation (Hayes et al., 2006;
Attard et al., 2009; Reid et al., 2010). Additional studies will be
needed to determine whether monitoring the decline in CTC num-
bers after therapy is useful as an early marker of response or as a
distinct predictor of overall therapeutic benefit. Eventually, CTC-
based molecular analyses may have the added benefit of demon-
strating direct inhibition of drug targets in viable tumor cells.
Although testing for chemotherapy-induced changes in
CTC numbers may provide insight into treatment effectiveness
for advanced cancers, monitoring the number of CTCs after cu-
rative surgical resection of localized cancers may identify cases
that are at risk for disease recurrence. Measurements of CTCs in
patients with localized cancer have been limited and require
sensitive assays. In a pilot study of 19 patients with localized
prostate cancer, we detected CTCs in eight cases (Stott et al.,
2010a). In most of these, CTCs dropped to undetectable levels
within 24 h of surgical resection, whereas in a few cases, a more
delayed decline after surgery was evident. None of these pa-
tients have developed a recurrence at a 1-yr follow up. Although
these studies are preliminary, they raise the possibility that local-
ized cancers may invade the vasculature and shed CTCs before
metastases are established, a concept that provides hope for
early cancer detection applications. The prognostic significance
of CTCs shed by localized cancers and the rate of decline of
CTCs after surgical resection remain to be determined.

Molecular characterization of CTCs
Identification of molecular aberrations in CTCs.
Beyond the enumeration of CTCs, their molecular characteriza-
tion provides a key to demonstrating their cellular origin from
primary and metastatic tumor deposits, and it may also provide
clues to their evolution during the course of cancer treatment.
FISH analysis performed on CTCs from breast, kidney,
prostate, and colon cancer showed evidence of aneuploidy in
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some cells, which was consistent with their malignant origin
(Fehm et al., 2002). However, these studies were somewhat lim-
ited by the low level of chromosome number variation combined
with technical limitations in analysis of CTC and contaminating
leukocytes. In more recent studies, demonstration of specific
androgen receptor gene amplification, a known biomarker of
castrate-resistant prostate cancer, has provided clear evidence that
at least a subset of CTCs are tumor derived (Attard et al., 2009;
Scher et al., 2009). Intragenic mutations in cancer genes have
extended these findings, although given the presence of contami-
nating leukocytes in CTC populations, these analyses typically
require allele-specific PCR assays. In nonsmokers’ lung cancer,
EGF receptor (EGFR) mutations are particularly relevant be-
cause they are predictive of a dramatic clinical response to EGFR
kinase inhibitors (Lynch et al., 2004; Paez et al., 2004; Pao et al.,
2004). In our initial studies, EGFR mutations identified in lung
CTCs were concordant with the mutations known to be present
in the primary tumor in 12/13 cases (Maheswaran et al., 2008).
Of note, during longitudinal follow up of these cases, continued
therapy was associated with the emergence of a kinase inhibitor
resistance-associated EGFR mutation, which was detectable at
increasing allelic ratios in CTCs, coincident with the develop-
ment of clinical drug resistance. In addition, CTC analyses after
prolonged therapy showed the acquisition of additional EGFR
mutations that were below detection in the primary tumor bi-
opsy, which was suggestive of evolution in the dominant tumor
clones as a result of treatment-induced selection (Maheswaran
et al., 2008). Thus, serial analysis of tumor-derived samples may
allow real-time monitoring of molecular evolution among tumor
cells, which may be particularly relevant after the use of effec-
tive targeted cancer therapy that applies selective pressures to-
ward the development of drug resistance mechanisms.

The use of CTCs to test for molecular evolution of tumors
during the course of treatment has also been applied in breast can-
cer, in which some HER2-positive CTCs have been reported in
breast cancer patients whose primary tumor was HER2 negative
(Meng et al., 2004; Wiilfing et al., 2006; Tewes et al., 2009) as well
as some HER2-negative CTCs emerging in HER2-positive breast
cancers subjected to anti-HER?2 therapy (Hayes et al., 2002). The
true frequency of such genotype conversion events remains to be
established in larger studies. In prostate cancer, the TMPRSS2-
ERG translocation has been detected in CTCs either by FISH or by
translocation-specific RT-PCR analysis (Attard et al., 2009; Stott
et al., 2010a). Improving CTC isolation technologies has allowed
selective RNA-based expression analyses (Ghossein et al., 1995;
Helzer et al., 2009), but CTC impurity remains a major hurdle for
all detailed molecular analyses of CTC genomic and transcrip-
tional profiles. For instance, FISH analyses of CTCs can be chal-
lenging when scoring four individual CTCs surrounded by 1,000
leukocytes with a 4% false-positive rate (Attard et al., 2009). The
use of fine needle microselection of individual CTCs has provided
the level of purity required for loss of heterozygosity studies in
some cases of prostate cancer (Schmidt et al., 2006). However,
collectively, comprehensive molecular analyses of CTCs will re-
quire enhanced isolation methods that result in a higher degree of
captured cell purity as well as the use of technologies optimized for
minute amounts of nucleic acids, including the single-cell level.
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Evaluation of signaling,
apoptosis in ©TCs. Dynamic studies of CTCs after thera-
peutic interventions may eventually allow real-time monitoring
of treatment responses, a major goal of drug development.
The signaling markers studied include phospho-PI3K and
phospho-Akt in breast cancer CTCs (Kallergi et al., 2008) and the
DNA damage marker phosphorylated y-H2AX in patients treated
with chemotherapeutic agents (Wang et al., 2010). Evidence of
apoptosis in CTCs has also been tested using morphological crite-
ria as well as flow cytometric analysis of M30-stained cells (Larson
et al., 2004; Hou et al., 2009; Swennenhuis et al., 2009). Up-
regulation of the antiapoptotic BCL2-a transcript in CTCs cap-
tured from mice harboring PC3 xenografts has also been reported
(Helzer et al., 2009). Collectively, monitoring intracellular signal-
ing pathways is likely to significantly enhance the utility of CTC
analyses, although early studies have been limited both by the
challenge of low amounts of RNA or protein recovery from these
rare cells and by the need for dynamic analysis over time using a
sufficient number of CTCs within each clinical specimen.

Although the use of apoptotic markers may be compli-
cated by the effect of ex vivo processing, analysis of cellular
proliferation markers appears to be particularly promising using
the microfluidic chip. In early studies, costaining of prostate
cancer CTCs for the tumor-specific marker PSA together with
the proliferation marker Ki-67 revealed significant variation in
the proliferative index of CTCs (Stott et al., 2010a). In a pilot
study of metastatic prostate cancer, CTCs from patients who
were responding to hormone withdrawal therapy exhibited a
low proliferative index (1-2%), whereas a much higher Ki-67-
positive fraction was scored in CTCs from treatment-resistant
patients (69-73%; Stott et al., 2010a). These results need to be
verified using a larger cohort of patients but suggest that a sig-
nificant heterogeneity in the proliferative index of CTCs may
reflect the intrinsic biological properties of tumors, with poten-
tial applications in assessing therapeutic responses.

Molecular characterization of CTCs may also provide in-
sight into the biology of these cells and their link to the process of
metastasis. Mouse models and in vitro experiments have suggested
that EMT, together with stemlike properties in cancer cells, is as-
sociated with increased cellular migration and resistance to therapy
(Mani et al., 2008; Polyak and Weinberg, 2009). Although defini-
tive studies of EMT and stem cell markers in CTCs are lacking,
some studies of tumor cells isolated from bone marrow biopsies
(so-called DTCs) have suggested the expression of characteristic
EMT markers, either in the cells themselves or in derivative cell
lines (Putz et al., 1999; Schardt et al., 2005; Willipinski-Stapelfeldt
et al., 2005). PCR assays have suggested a possible expression of
some EMT inducers in CTC-enriched blood specimens (Aktas
et al., 2009). However, an intrinsic challenge in studying EMT in
CTCs is the standard use of an antibody to EpCAM to capture
these cells, thus preselecting for cells that have retained significant
expression of epithelial markers. A recent study using the Cell-
Search system has shown that a basal-like breast cancer cell line
with features of EMT expresses EpCAM levels that are too low to
allow capture using such antibodies (Sieuwerts et al., 2009).
Development of alternative CTC isolation strategies, as well as re-
fining the imaging parameters for EMT and other cell fate markers,

proliferation, and
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will be essential. Finally, the successful isolation of viable CTCs
capable of extended proliferation in vitro will enable detailed mo-
lecular and functional studies, providing important insight into the
process of metastasis in human cancers.

CTC clusters. A recent and surprising insight derived
from CTC analyses has been the finding of clusters of CTCs
within the circulation of patients with known cancer (Stott et al.,
2010b). Predominant models of cancer metastasis have focused
on the presumed role of individual cells with increased mobility
through EMT, migrating into the vasculature and exiting at dis-
tant sites to initiate a metastatic tumor deposit. The finding of
aggregated tumor cells in the vasculature raises the possibility
that such tumor emboli may also contribute to the metastatic
process. Work in animal models has shown that intravenously
injected tumor cell clumps have a greater tendency to form me-
tastases than comparable numbers of single tumor cells (Watanabe,
1954; Fidler, 1973). Increased metastatic potential has also been
correlated with tumor cell clumps in mouse models of fibro-
sarcoma, melanoma, and lung carcinoma (Liotta et al., 1974,
1976; Glaves, 1983). Intravascular aggregation of cancer cells
with apparent attachment to the endothelium has been described
after injection of breast and prostate cancer cells as well as fibro-
sarcoma cells (Al-Mehdi et al., 2000; Glinsky et al., 2003).

The finding of CTC clusters in human blood samples might
be limited by the technologies used for their isolation, most of
which use harsh batch purification approaches likely to disrupt such
cellular aggregates. Early studies in advanced prostate, breast, and
colorectal cancers relied on gradient centrifugation in combination
with magnetic bead selection (Brandt et al., 1996, 1998; Wang
et al., 2000; Molnar et al., 2001). Our own recent study identified

Figure 3. CTC clusters captured from lung
cancer patients’ blood using an anti-EpCAM-
coated HB-chip. (A and B) Fluorescent micro-
graphs of cytokeratin 7/8 (CK; green)-,
CD45 (red)-, and DAPI (blue)-stained CTC
clusters taken at different focal planes and
corresponding hematoxylin and eosin (H&E)
stains are shown. Bars, 10 pm.

CTC clusters, ranging from 3 to 14 cells, in several prostate and
lung cancer patients (Fig. 3; Stott et al., 2010b). These were readily
identified using the microfluidic HB-chip, which appears to pre-
serve multicellular aggregates, whereas they were never found with
our micropost CTC-chip, in which tight distances between the
microposts presumably prevent the passage of large cellular clus-
ters. Interestingly, when stained with hematoxylin and eosin, most
CTC clusters have an increased staining intensity relative to indi-
vidual CTCs, suggesting less autolysis in the CTC clusters. This
raises the intriguing possibility that cells within microclusters might
be relatively protected either from anoikis associated with loss of
basement membrane attachment (Zhang et al., 2004, 2008) or per-
haps from the harsh environment and shear stresses of the vascular
circulation. Collectively, the clinical relevance of CTC clusters ver-
sus single CTCs within the circulation and their potential implica-
tions for metastatic spread warrant further investigation.

Future perspectives

The molecular characterization of CTCs has the potential to
revolutionize our understanding of cancer metastasis. However,
technological platforms need significant optimization to enable
highly sensitive and reliable CTC isolation before the full array
of currently available molecular tools may be applied. Such
technologies are likely to emerge in the near future as the broad
field of microfluidic bioengineering and other new approaches
are applied to the challenge of rare tumor cell detection in blood
specimens. Although increasingly sophisticated analytic ap-
proaches will be required to tackle the characteristics of CTCs,
we can already discern a broad range of potential applications,
from the noninvasive monitoring of tumor genotypes to the

Visualizing and analyzing circulating tumor cells * Yu et al.
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identification and analysis of metastatic precursor cell subpopu-
lations. As the technology evolves further, applications in the
early detection of invasive but localized cancer may even be
contemplated. Together, these advances are likely to have im-
portant implications for our understanding of cancer metastasis
and our treatment of patients with cancer.
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