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Recent advances in microfluidic approaches have enabled the efficient isolation and detailed molecular characterization of

circulating tumor cells (CTCs) in the peripheral blood of patients with cancer. Single-cell molecular analyses of CTCs reveal a

tremendous degree of intracellular heterogeneity in CTC populations, reflective of heterogeneity across different patients as

well as the underlying heterogeneity of tumors within each individual patient. These studies have enabled the identification of

heterogeneous drug resistance mechanisms that can coexist in treatment refractory tumors. CTC analyses also enable serial

noninvasive monitoring in patients and can capture the emergence of tumor heterogeneity over time, whether due to tumor

evolution through genetic instability or through cellular plasticity. The presence and extent of intratumoral heterogeneity as

revealed through the study of CTCs have important clinical implications for understanding and predicting the development of

treatment resistance in a variety of solid tumors and for formulating appropriate therapeutic strategies in the effective treatment

of cancer.

Major advances in our molecular understanding of can-

cer have led to the development of effective new therapies

that target tumor-specific genetic alterations, often result-

ing in profound responses in subsets of patients with

specific oncogenic drivers in their tumors (Haber et al.

2011; Hyman et al. 2017). However, acquired resistance

to therapy remains a pressing problem, and the emer-

gence of resistant subclones within heterogeneous tumors

represents a significant barrier to the effective treatment

of cancer. Detailed next-generation sequencing studies

have showed dramatic spatial and temporal heterogeneity

in metastatic and primary tumors from individual patients

(Gerlinger et al. 2012; Wu et al. 2012), but such analyses

present technical and logistical challenges to routine clin-

ical implementation, particularly for cancers that fre-

quently metastasize to the bone, brain, or lungs. Tumor

heterogeneity is especially difficult to study in patients

with multiple metastases, because capturing the full

range of relevant tumor clones would require invasive

biopsies of multiple different individual sites of metastat-

ic disease. Furthermore, traditional tissue biopsies sample

only a small portion of a tumor, and thus the range of

clones within a heterogeneous tumor may not be fully

represented.

The sampling of tumor cells that circulate in the

peripheral blood, or “circulating tumor cells” (CTCs),

provides an elegant solution to the study of tumor hetero-

geneity, because CTCs may be a more representative

sample of invasive tumor cell populations derived from

heterogeneous tumors in multiple sites within an individ-

ual patient. In addition, the ability to sample cells in the

blood noninvasively at multiple time points allows for the

longitudinal study of tumor evolution over time. Recent

advances in microfluidic engineering have made possible

the development of novel platform technologies that ef-

ficiently isolate rare CTCs at the single-cell level, thus

enabling the study of single CTCs to gain insights into

tumor heterogeneity and treatment resistance in a variety

of cancers.

MICROFLUIDIC ISOLATION OF

CIRCULATING TUMOR CELLS

Although the existence of circulating populations of

tumor cells in the peripheral blood was first posited in

1869 (Ashworth 1869), the isolation and study of CTCs

has been a challenging endeavor because of their rarity
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and fragility. In the past several years, a variety of meth-

ods and technologies have been developed to isolate

and enumerate CTCs. In this concise review, we focus

on microfluidic CTC isolation technologies that were

developed in our laboratories; other CTC isolation tech-

nologies have been reviewed in detail elsewhere (Alix-

Panabieres and Pantel 2014, 2016; Haber and Velculescu

2014; Miyamoto et al. 2014; Li et al. 2015). In collabo-

ration with our bioengineering colleagues at the Massa-

chusetts General Hospital, we developed a series of

microfluidic devices aimed at the gentle and efficient

isolation of CTCs from blood. The first- and second-

generation microfluidic devices, the mpCTC-Chip and

the HBCTC-Chip, process blood through microfluidic

channels and rely on the physical capture and immobili-

zation of CTCs onto microfluidic surfaces coated with

antibodies directed against tumor-specific cell surface

antigens (Nagrath et al. 2007; Stott et al. 2010). The

third-generation device, the CTC-iChip, is a tumor

antigen-independent CTC isolation technology based on

the concept of negative depletion, in which leukocytes,

erythrocytes, platelets, and noncellular objects are re-

moved from the blood, resulting in the enrichment of

an untagged population of CTCs (Ozkumur et al. 2013;

Karabacak et al. 2014). Because the CTC-iChip enables

the efficient, gentle isolation of intact, untagged CTCs in

suspension, it has allowed for detailed single-cell molec-

ular analyses of CTCs from cancer patients and mouse

models, thus revealing new insights into tumor heteroge-

neity at the single-cell level.

The microfluidic CTC-iChip uses three integrated

sequential steps, consisting of continuous deterministic

lateral displacement for size-based separation of CTCs

and leukocytes from whole blood, inertial focusing

for precise alignment of cells in a microchannel, and

microfluidic magnetophoresis for removal of leukocytes

prebound to magnetic beads labeled with anti-CD45,

anti-CD16, and anti-CD66b antibodies (Karabacak et al.

2014). This tumor antigen-independent purification meth-

od enables the isolation of CTCs without assumptions

regarding the nature of cell surface epitopes present on

the tumor cells. Using the integrated microfluidic CTC-

iChip, up to 107 cells per second can be sorted, enabling

the sensitive, efficient, and high-throughput isolation of

CTCs. The purity of CTCs within the enriched product

ranges between 0.01% and 10%, depending on the burden

of CTCs present in the patient’s circulation. Importantly,

CTCs isolated using this method are intact and untagged

and amenable to a variety of downstream biological

and molecular analyses including immunofluorescence,

RNA-in situ hybridization, single-cell RNA-seq, and in

vitro culture (Ozkumur et al. 2013; Aceto et al. 2014;

Ting et al. 2014; Yu et al. 2014; Miyamoto et al. 2015).

These sensitive analyses are possible because the gentle

microfluidic enrichment processes of the CTC-iChip

preserves the integrity and viability of isolated cells, in

contrast to other methods that require cellular fixation and

antibody-mediated binding of magnetic beads to cell

membrane epitopes. Of note, our single CTC RNA-seq

studies suggest that approximately one-half of CTCs have

RNA at various stages of degradation even when isolated

using this gentle microfluidic method, indicating that

many cells in the circulation are nonviable (Ting et al.

2014; Miyamoto et al. 2015). Nevertheless, the quality

and integrity of RNA in CTCs isolated using the CTC-

iChip are well-preserved compared with prior methods,

thus enabling single-cell RNA expression analyses, in-

cluding the study of intracellular heterogeneity.

INSIGHTS INTO INTRATUMOURAL

HETEROGENEITY THROUGH CTCs

Prostate Cancer

Prostate cancer is a heterogeneous entity, with primary

tumors that are frequently multifocal and arise from

divergent cancer clones (Andreoiu and Cheng 2010;

Cooper et al. 2015). Metastases in prostate cancer are

likely established through polyclonal seeding of diver-

gent clones (Gundem et al. 2015), although some studies

point to the conservation of driver lesions in metastatic

lesions within individuals (Kumar et al. 2016). Consistent

with substantial intratumoral heterogeneity, we observed

through single-cell immunofluorescence analysis hetero-

geneous and varying degrees of androgen receptor (AR)

signaling in CTCs from patients with castration-resistant

prostate cancer (CRPC), in striking contrast to relatively

homogeneous CTC populations with activated AR sig-

naling in patients with untreated prostate cancer (Miya-

moto et al. 2012). Similar levels of heterogeneity have

been observed in prostate CTCs with respect to cellular

morphologic criteria, related to disease status and cell

differentiation state (Chen et al. 2015; Beltran et al.

2016). Single-cell RNA-seq of CTCs isolated from

CRPC patients revealed a tremendous degree of hetero-

geneity in expression profiles, both in CTC populations

from individual patients and across different patients

(Miyamoto et al. 2015). Indeed, upon unsupervised hier-

archical clustering of transcriptional profiles, the mean

correlation coefficient for single CTCs from individual

patients was significantly lower than the mean correlation

coefficient of single cells from prostate cancer cell lines,

and it was similar to that of single cells across multiple

different cell lines, suggesting a much higher level of

heterogeneity in CTCs. Nevertheless, these single CTCs

clustered based on their patient of origin, indicative of

shared transcriptional programs among CTCs derived

from any given individual patient.

Heterogeneity at the single CTC level was also ob-

served in the acquisition of varied mechanisms of resis-

tance to AR-targeted therapies (Miyamoto et al. 2015). In

an analysis of specific molecular aberrations in CTCs,

including previously reported AR splice variants and

AR mutations (Antonarakis et al. 2014; Robinson et al.

2015), we noted that single CTCs from individual patients

expressed remarkable heterogeneity in their expression of

different AR splice variants. More than half of patients

had multiple CTCs expressing different AR splice vari-

ants, and about one of six single CTCs had expression

of multiple different AR splice variants simultaneously.
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Through the analysis of transcriptional differences be-

tween CTCs from patients who were resistant to the anti-

androgen therapy enzalutamide compared with patients

who were enzalutamide naı̈ve, we identified two AR-

independent pathways associated with resistance to enza-

lutamide: we confirmed the previously reported activa-

tion of glucocorticoid receptor (GR) (Arora et al. 2013)

and discovered elevated noncanonical Wnt (ncWnt)

signaling, finding that both of these resistance pathways

were activated in different subsets of cells. Thus, we

found that complex and heterogeneous drug resistance

mechanisms exist in advanced prostate cancer, as re-

vealed by the study of heterogeneous populations of

CTCs. The degree of heterogeneity observed in CTCs

in CRPC patients is consistent with intratumoral hetero-

geneity observed in patients with advanced metastatic

prostate cancer, suggestive of the polyclonal seeding of

divergent clones (Lohr et al. 2014; Gundem et al. 2015;

Jiang et al. 2015), and is reflective of the variety of

molecular alterations that may occur in parallel in tumor

cells during disease progression and the development of

resistance to therapy.

Pancreatic Cancer

We observed similar intracellular heterogeneity in

single CTCs isolated from the genetically engineered

LSL-KrasG12D, Trp53flox/flox or þ, Pdx1-Cre (KPC) mouse

model of pancreatic cancer (Bardeesy et al. 2006; Ting

et al. 2014). Although the genetic driver mutations were

identical in CTCs from different mice because of their

shared genetic background, there was nevertheless a sig-

nificant level of heterogeneity observed within CTCs,

with specific clustering of CTCs derived from different

animals (Ting et al. 2014). These findings suggest the

potential importance of somatically acquired genetic

and epigenetic changes in defining the heterogeneity of

CTC populations, despite a shared genetic background.

In the KPC pancreatic cancer mouse model, we noted

three subsets of CTCs: a major “classical CTC” group

with strong expression of epithelial markers, a group

with enrichment of platelet markers, and a group associ-

ated with proliferation signatures (Ting et al. 2014).

Notably, although the classical CTCs showed clear loss

of the epithelial marker E-cadherin (Cdh1) consistent

with epithelial-to-mesenchymal transition (EMT), they

did not lose expression of other epithelial markers such

as cytokeratins, and they showed heterogeneous expres-

sion of mesenchymal genes across single cells. Thus,

many classical CTCs appear to be arrested in a bipheno-

typic EMT state. Nevertheless, they also showed great

diversity in their transcriptional programs, including

expression of cancer stem cell markers Aldh1a1 and

Aldh1a2 in some cells, and surprising enrichment of

extracellular matrix (ECM) transcripts in many CTCs.

Indeed, this finding of ECM gene expression in CTCs

was recapitulated in human pancreatic, breast, and prostate

cancer patients, with enrichment of the core matrisome

protein SPARC in 100% of pancreatic CTCs. Together,

these studies of CTCs in the KPC genetic mouse model

showed substantial intracellular heterogeneity in CTCs

from mice despite a conserved genetic background and

strong expression of ECM transcripts in a majority of

pancreatic CTCs, suggestive of a remarkable ability of

CTCs to make their own contributions to tumor stromal

remodeling and establishment of a hospitable microenvi-

ronment at metastatic sites.

Breast Cancer

Considerable heterogeneity has also observed in single

CTCs from breast cancer patients using a variety of

methods, including microfluidic transcriptional profiling,

targeted mutation detection, and next-generation se-

quencing (Powell et al. 2012; Deng et al. 2014; De

Luca et al. 2016). We used an RNA-in situ hybridization

(ISH) assay to observe a spectrum of expression of epi-

thelial and mesenchymal markers in single breast CTCs

(Yu et al. 2013), ranging from exclusively epithelial to

exclusively mesenchymal CTCs, as well as CTCs in

an intermediate state with dual expression of epithelial

and mesenchymal markers, similar to the biphenotypic

EMT state identified in the pancreatic cancer mouse

model (Ting et al. 2014). Interestingly, the EMT features

of CTCs varied according to histological subtype of

breast cancer, where CTCs from ERþ/PRþ and HER2þ

cancers were predominantly epithelial, and CTCs from

triple-negative (ER2/PR2/HER22) breast cancer were

predominantly mesenchymal. Examination of changes in

EMT states before and after systemic therapy suggested

that patients who responded to therapy showed a decrease

in CTC numbers and/or a proportional decrease in mes-

enchymal compared with epithelial markers, and that

those with progressive disease despite therapy showed

an increase in mesenchymal markers in CTCs post-

treatment. Thus, the EMT status of CTCs may serve as

a potential biomarker of therapeutic response, with the

degree of heterogeneity of cells reflective of their sus-

ceptibility to treatment.

Progressive disease in cancer patients is often accom-

panied by the appearance of multicellular clusters of

CTCs (Molnar et al. 2001; Cho et al. 2012), and the

presence of these CTC clusters in breast cancer patients

is associated with a worse overall survival (Aceto et al.

2014). A detailed examination of CTC clusters in

mouse models revealed that they have a critical role as

mediators of cancer metastasis, because they have a high-

er propensity for seeding metastatic disease compared

with single CTCs in circulation (Fidler 1973; Liotta

et al. 1976; Aceto et al. 2014). Of note, cellular tagging

and mixing studies in mice showed that nearly all CTC

clusters were derived from oligoclonal precursor cells,

indicative of their heterogeneous composition and origin

(Aceto et al. 2014). Nevertheless, RNA-seq expression

studies of breast cancer patient-derived single CTCs

and CTC clusters showed a strong clustering pattern by

patient of origin, and a high level of concordance in

expression patterns between matched CTC clusters and
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single CTCs from individual breast cancer patients, with

the exception of a few candidate cluster-related genes

including XBP1, AGR2, HER3, and plakoglobin (Aceto

et al. 2014). Indeed, knockdown of plakoglobin in mouse

models suppressed CTC cluster formation and develop-

ment of metastases, pointing to an important role of

this protein in tumor dissemination. Thus, two distinct

populations of CTCs appear to coexist in the circulation,

including single CTCs and CTC clusters with much high-

er metastatic potential, derived from oligoclonal precur-

sor cells representative of the inherent heterogeneity of

the primary tumor.

MONITORING TUMOR EVOLUTION AND

HETEROGENEITY WITH CTCs

Although the evolution of tumors in response to initial-

ly effective targeted therapies has become increasingly

appreciated, either through the selection of rare preexist-

ing subclonal populations or through molecular tumor

evolution (Hata et al. 2016), the routine sampling of

tumors at multiple time points remains a major technical

challenge. CTCs provide a uniquely accessible mecha-

nism to perform noninvasive serial sampling of tumors

over time, and hence they could prove revolutionary in

monitoring tumor evolution in patients undergoing treat-

ments. Although circulating tumor DNA (ctDNA) is

another type of “liquid biopsy” that may be used to assess

for the emergence of specific tumor mutations (Bardelli

and Pantel 2017), tumor evolution occurs not just through

genetic changes, but also from phenotypic changes

through epigenetic cellular plasticity (Fig. 1). Such func-

tional changes cannot be easily ascertained using ctDNA

but rather require the use of functional assays in live

tumor cells. Thus, the analysis of CTCs, CTC-derived

cell lines, and patient-derived xenograft models are in-

valuable tools in the study of tumor evolution.

In breast cancer, the emergence of HER2 expressing

subpopulations has been observed in CTCs from patients

with initially HER22 tumors after exposure to multiple

courses of therapy (Fehm et al. 2010; Lindstrom et al.

2012). Analysis of CTCs in such patients revealed dis-

crete HER2þ and HER22 subpopulations, which had

the ability to interconvert spontaneously when main-

tained in culture (Jordan et al. 2016). Thus, a dynamic

equilibrium of HER2þ and HER22 cell populations exist

within a heterogeneous tumor cell population, driven by

spontaneous interconversion between these phenotypes.

HER2þ CTCs were more rapidly proliferative with

activation of multiple receptor tyrosine kinase pathways,

whereas HER22 CTCs showed resistance to cytotoxic

chemotherapy and activation of Notch and DNA damage

pathways. These two cell populations had comparable tu-

mor initiating potential and similar expression of the stem

cell marker ALDH1, suggesting that an underlying cellular

Figure 1. Schematic of heterogeneous tumors giving rise to circulating tumor cells (CTCs). CTCs arise from intravasation of cancer
cells into peripheral blood vessels from primary or metastatic tumors. Single-cell heterogeneity can arise from genetic mutations
(represented by gray circles becoming green or orange circles) or from epigenetic plasticity (represented by circles converting into
spheres, and the reverse conversion of spheres to circles). Mutations and epigenetic changes can also occur simultaneously in the same
cancer cell (represented by green and orange circles converting into green and orange spheres). Metastatic tumors may consist of
heterogeneous groups of cancer cells that have undergone changes because of any combination of mutations, epigenetic plasticity, or
both.
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plasticity leads to disease progression and drug resistance

in breast cancer, rather than preexisting drug-resistant sub-

clones in a hierarchical cancer stem-cell model.

Whether resistant subclones arise within heterogeneous

tumors through genetic instability or through cellular

plasticity, their emergence portends the development of

therapeutic resistance. The early detection of resistant

subclonal populations may allow the early implementa-

tion of combination therapies that simultaneously target

multiple different oncogenic pathways before a dominant

resistant clone emerges. This strategy requires careful

repeated monitoring of patients while on treatment,

which may be accomplished using serial CTC analyses.

In addition, the deployment of aggressive treatments ear-

lier in the disease course before tumor evolution, such as

adjuvant therapy following local therapy, may become an

increasingly important approach guided by the monitor-

ing of patients through CTC analyses.

CONCLUSION

In the new world of precision oncology, the develop-

ment of novel therapeutics and diagnostics often merge

with one another and are codependent. The emergence of

heterogeneity in evolving tumors suggests the inadequa-

cy of a “one-size-fits-all” approach to cancer therapy and

necessitates the development of sophisticated molecular

tests to guide the precision selection of appropriate ther-

apeutic strategies. The driving force for the effective use

of new targeted therapies is novel diagnostic strategies

to identify the presence of specific molecular lesions

in tumors, but at the same time there is no impetus

to develop such diagnostic tests until clear therapeutic

options have been developed that make these molecular

lesions worth uncovering. This coevolution model in

oncology is unprecedented and requires the integrated

development of therapeutics and diagnostics at the levels

of discovery, validation, and practical implementation in

the clinic. Ultimately, the careful application of CTC-

based diagnostic tools may help overcome treatment

resistance mediated by tumor heterogeneity by guiding

the rational selection and application of effective new

targeted therapies.
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