
Quantitative Analysis of Circulating
Tumor Cells Using RNA-Based Digital
Scoring

Mark Kalinich, Tanya T. Kwan, Mehmet Toner, Daniel A. Haber
and Shyamala Maheswaran

1 Introduction

The blood-borne metastasis of cancer is the leading cause of cancer-related deaths
(Hanahan and Weinberg 2011). As such, CTCs provide a critical material for
understanding the ability of tumor cells to intravasate into the bloodstream, either as
single migratory cells or as clusters of tumor-derived fragments, survive in the
circulation, and ultimately disseminate to distant organs and initiate proliferation
(Poste and Fidler 1980; Allard et al. 2004; Yu et al. 2011; Stott et al. 2010; Aceto
et al. 2014). While the vast majority of CTCs die in the bloodstream before giving
rise to any metastatic lesion, the presence of these cells also provides a key
opportunity to non-invasively sample cancer-derived materials during the evolution
of the disease (Cristofanilli et al. 2004). The molecular composition of tumors
evolves through the acquisition of genomic alterations and epigenetic modifications
during disease progression and in response to therapeutic interventions (Easwaran
et al. 2014; McGranahan and Swanton 2017). This may result in extensive tumor
heterogeneity, a challenge facing the clinical management of cancer, and in the
need to repeatedly adjust therapeutic regimens in response to acquired resistance
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mechanisms (Nardi et al. 2004). Much of our current information about cellular
pathways involved in acquired drug resistance stems from repeat biopsies of tumors
from patients on research protocols and from autopsy studies in patients who
succumbed from extensive disease. However, the ability to repeatedly and
non-invasively sample tumor cells through “liquid biopsies” may revolutionize the
ability to tailor a patient’s individualized therapy to address evolving tumor char-
acteristics. Ultimately, blood-based tumor monitoring may allow early detection of
invasive cancers and enable interventions before large tumor volumes may render
curative treatment impossible.

Tumor-derived components in the blood are found as whole cells (i.e., CTCs),
cellular fragments (exosomes or oncosomes), or free circulating tumor DNA
(ctDNA). Each of these have unique properties relevant to their isolation and
enrichment from whole blood, as well as the types of molecular information that may
be derived from their analysis. ctDNA is comprised of nucleosome-sized DNA
fragments that are primarily informative as to the genomic composition of tumors
(Wan et al. 2017). Exosomes appear to contain a partial set of tumor-derived pro-
teins, RNA, and even some DNA (Zhang et al. 2015). Both circulating DNA and
exosomes are shed by both normal and tumor tissues, and cancer-derived molecules
must therefore be distinguished, using molecular tools, from those shed by normal
tissues. In contrast, whole tumor cells in the circulation are extremely rare, but their
enrichment is dependent upon physical or cell surface marker expression (Nagrath
et al. 2007). Once isolated, however, CTCs provide the full complement of the
molecular information present within individual tumor cells. Across different cancer
types, CTCs are estimated to range in number from 0 to 10 cancer cells per 10 mL of
whole blood, amidst 10 billion red blood cells and 10 million white blood cells
(Nagrath et al. 2007). CTCs are typically defined as cells that stain for epithelial
cell-specific proteins (e.g., EpCAM and cytokeratins), with the exclusion of white
blood cell markers (e.g., CD45) (Cristofanilli et al. 2009). More recent studies have
used lineage-associated markers (e.g., PSA for prostate cancer), rather than epithelial
markers that may be less specific for a given tumor type (Miyamoto et al. 2012). In
addition, epithelial-to-mesenchymal transition (EMT), a cell fate switch associated
with tumor invasiveness and drug resistance complicates reliance on epithelial
markers to identify CTCs (Yu et al. 2013). We have therefore preferred CTC
enrichment technologies that achieve “negative depletion” of blood specimens,
essentially removing hematopoietic cells, while leaving CTCs untagged and
unmanipulated in the product (Ozkumur et al. 2013). Microfluidic technologies
currently achieve 104 to 105 enrichment of CTCs from whole blood specimens,
resulting in a cancer cell population that may be 0.1–1% pure (depending on CTC
abundance within an individual specimen). Given this success in rare cancer cell
enrichment from blood, the challenge remains to score and molecularly characterize
these partially purified cell populations. In this review, we focus on RNA-based
approaches used for interrogating CTCs (Fig. 1) and their applicability in developing
diagnostic assays that can be implemented in the clinic for monitoring therapeutic
responses and ultimately for early detection of cancer in high-risk individuals.
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2 RNA-In Situ Hybridization Identifies Epithelial
and Mesenchymal CTC Populations

Immunofluorescence staining for tumor-specific protein markers are commonly
used to study CTCs enriched from patient blood. A number of technical limitations
have complicated such analysis, including the relatively low signal/noise ratio
evident in CTCs within the context of contaminating blood cells, which often
requires the combination of highly specific antibodies with secondary fluorescent
antibodies for signal amplification, together with the rigorous setting of signaling
threshold, image quantitation, and automated image scanning protocols (Allard
et al. 2004; Alix-Panabières and Pantel 2014). Exemplifying this challenge is the
high number of blood cells that simultaneously stain positive for epithelial as well
as hematopoietic markers (cytokeratin/CD45 “dual positives”), which most fre-
quently represent non-specific antibody binding, and which may outnumber true
CTCs by multiple orders of magnitude (Stott et al. 2010). In this context, novel
approaches to RNA-in situ hybridization (RNA-ISH) using multiplexed oligonu-
cleotide probes present a powerful technology, with both a high degree of sequence
specificity and quantitative amplifiable signal. For instance, several studies have
used RNA-ISH against multiple probes marking epithelial and mesenchymal cell
states to detect CTCs enriched using microfluidic isolation, filter-based methods or
Ficoll gradients (Yu et al. 2013; Payne et al. 2012; Wu et al. 2015). These studies
have shown that CTCs exist not only in uniquely epithelial versus mesenchymal
states, but also in more complex conditions with simultaneous coexpression of both
different numbers of epithelial and mesenchymal markers. Of particular interest,
longitudinal analysis of blood samples from individual breast cancer patients
receiving multiple courses of therapy may show dynamic shifts, with primarily
epithelial CTCs as tumors respond to new therapeutic intervention, and the emer-
gence of mesenchymal CTCs associated with acquired resistance and clinical
therapeutic failure (Yu et al. 2013). The broad application of RNA-ISH technolo-
gies in characterizing individual CTCs in this way may provide a powerful tool for
characterization of tumor cell heterogeneity during the course of cancer evolution
and drug resistance.

3 RNA Sequencing Identifies CTC Subpopulations
and Signaling Pathways Activated in CTCs

While RNA-in situ hybridization allows for more facile probe design than
antibody-based detection, it is limited in throughput and in its ability to query only a
few pre-selected transcripts of interest. RNA sequencing of either bulk-enriched or
single-cell populations is technically challenging but enables interrogation of
the entire transcriptome. Recent advances in next-generation sequencing technolo-
gies have made it feasible to sequence thousands of single cells from tumors, pro-
ducing rich datasets that can more thoroughly probe the heterogeneity of cancer
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(Tirosh et al. 2016). Whole transcriptomic analysis has been applied extensively to
study primary andmetastatic biopsies, but implementing this technology to CTCs has
been complicated by the rarity of the cells and their condition after isolation using a
variety of technologies (i.e., the need for unfixed cells with high-quality RNA).

The first approach to achieving CTC-specific transcriptional profiles used partially
purified CTC populations subjected to single molecule (Helicos) RNA sequencing,
subtracting RNA reads from matched control blood samples from that of the
CTC-enriched cell populations (Yu et al. 2012). The Helicos single-molecular
sequencing technology is unique in avoiding amplification of molecular templates,
thereby providing highly linear measurement of transcript reads. Such subtractive
strategies were best applied with CTC isolation platforms that capture cells on a fixed
surface, from which single cells are not readily released but from which high-quality
RNA can be isolated.

Indeed, early studies applying this strategy to pancreatic cancer CTCs in a mouse
model, demonstrated increased non-canonical Wnt signaling in the CTC-enriched
population (Yu et al. 2012), and an analysis of human melanoma CTC-enriched cell
populations was noteworthy for cell motility-associated transcripts (Luo et al.
2014). However, deep sequencing of CTC-derived transcriptomes requires
single-cell isolation and RNA seq, a strategy that has become possible with
improving CTC enrichment technologies that allow for micromanipulation of CTCs
that are unattached to a fixed surface.

For instance, the MagSweeper technology enabled single-cell RNA profiling of
87 cancer-associated genes in CTCs isolated from breast cancer patients, showing
increased expression of the metastasis and EMT-associated genes (Powell et al.
2012). Using the microfluidic CTC-iChip technology, our own team has established

RNA-based evaluation of CTCs

Sample purity required

Absolute quantification

Automated analysis

Cost per sample

Computational complexity

Bias

Number of targets

No

No

Yes

RNA-ISH

Mixed population

High

High

Low

qPCR

Mixed population

No

No

Low

Low

Yes

Low

RNA-Seq

Pure population

No

Yes

High

High

No

High

ddPCR

Mixed population

Yes

Yes

Low

Low

Yes

Medium

Fig. 1 Comparison of methods to study CTC-derived RNA

80 M. Kalinich et al.



a platform through which hematopoietic cells are antibody-tagged and depleted,
leaving behind unmanipulated CTCs with 104 to 105 enrichment (Ozkumur et al.
2013). The RNA quality in untagged, unfixed CTCs is very high, and the fact that
cells are delivered in suspension facilitates micromanipulation of individual CTCs.
This approach was used to define comprehensive transcriptomes of single CTC
collected from both mouse models and clinical specimens. In a mouse model of
pancreatic cancer, CTCs were highly enriched for expression of genes encoding the
extracellular matrix proteins (ECM), compared with single cells isolated simulta-
neously from the primary pancreatic tumor (Ting et al. 2014). This aberrant
expression of ECM proteins by cancer-derived cells in circulation is of particular
interest in that it suggests the ability of metastatic intermediates/precursors to direct
their own microenvironmental survival signals, which are characteristically pro-
vided by stromal cells within the primary tumor.
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CTC
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Enriched CTCs 
with intact RNA

* Risk assessment
* Prognosis
* Treatment selection
and monitoring
* Detection of drug 
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Fig. 2 CTC-ddPCR method
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Single-cell RNA sequencing of CTCs traveling as individual cells versus those
that are part of multi-cellular CTC clusters from the blood of women with meta-
static breast cancer revealed >100 genes whose expression is relatively elevated in
CTC clusters (Aceto et al. 2014). Among the top genes increased in expression
within CTC clusters is Plakoglobin, encoding a protein belonging to the adherence
junction complex. Plakoglobin is overexpressed >200-fold within CTC clusters,
and its increased expression in primary tumors is associated with poor clinical
outcome. Most importantly, in mouse models of breast cancer, knockdown of
Plakoglobin does not affect cell proliferation, primary tumor formation, or release
of single CTCs into the bloodstream; it does, however, profoundly suppress the
generation of CTC clusters in the circulation and the generation of distant metas-
tases in the lungs. Thus, Plakoglobin appears to be a key component of the cell
junctions that helps tether CTC clusters together in the bloodstream, contributing to
their enhanced metastatic initiation potential (Aceto et al. 2014).

RNA sequencing analysis of single CTCs from the blood of men with metastatic
prostate cancer also identified mechanisms of resistance to therapies targeting
androgen receptor signaling, including non-canonical Wnt signaling through Wnt
5A (Miyamoto et al. 2015). Moreover, these studies identified a profound level of
heterogeneity in castrate-resistant prostate cancer, with distinct androgen receptor
(AR) gene mutations and AR splicing variants present within different cells from
the same patient. Indeed, single-cell CTC analysis is poised to reveal multiple
independent mechanisms of acquired drug resistance, each of which may have
different kinetics as patients receive successive lines of therapy.

Taken together, transcriptomic analysis of single CTCs may provide exceptional
insight into the mechanisms driving tumor progression, metastasis, and acquired
drug resistance. However, the effort and cost currently associated with single-cell
RNA sequencing limits this platform to discovery and research applications. For
widespread and routine clinical applications, more robust and economical
RNA-based quantitative assays are also available and may present shifts in diag-
nostic paradigms for non-invasive cancer detection and monitoring.

4 High-Throughput Diagnostic Assays Using CTC-Derived
RNA Signatures

RNA-based detection of CTCs within the background of hematopoietic cells relies
upon the profound differences in transcriptional profiles between these cancer cells
and surrounding leukocytes. Initial attempts at RNA-based detection of CTCs relied
upon RT-PCR technology, with amplification of the prostate-specific PSA tran-
script applied to detect prostate cancer CTCs within the mononuclear cell fraction
of blood samples, and the liver-specific albumin RNA similarly used to interrogate
buffy coats from patients with advanced hepatocellular carcinoma (Kar and Carr
1995; Seiden et al. 1994). Additional markers, including mRNAs for cytokeratin,
melanoma-specific markers, ALDH1, telomerase, MUC1, and others, have been
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used to test for multiple additional cancer types (Ignatiadis et al. 2015; Gazzaniga
et al. 2010; Arenberger et al. 2008; Shen et al. 2009; Pierga et al. 2007). Unfor-
tunately, the success of these semi-quantitative RT-PCR-based analyses has been
inconsistent in part because of their relatively low sensitivity and specificity in
unpurified whole blood. A prevalence of 1 CTC per million leukocytes may be
below the limit of detection using RT-PCR for a non-abundant transcript. Fur-
thermore, even very low-level transcription by abundant hematopoietic cells of
highly tissue-specific transcripts becomes a confounder when the tumor cells are
present at such vanishingly low numbers. Indeed, higher numbers of contaminating
WBCs increase the Ct values in qRT-PCR detection of identical amount of specific
template, and large amount of non-specific template (equivalent of >1000 WBCs)
produces SYBR Green noise independent of product amplification, interfering with
the quantitative detection of the underlying signal (Pfitzner et al. 2014). The sus-
ceptibility of qRT-PCR to the inhibitory effects of large amounts of non-specific
template may therefore explain the large variability and inconsistencies in reports
describing CTC detection via this method. For all these reasons, we reasoned that
initial enrichment of CTCs under RNA-preserving conditions, followed by quan-
titative digital PCR, provides a much more reliable strategy for RNA-based
detection.

Droplet digital PCR (ddPCR) helps to overcome the inherent limitation posed by
the presence of excess non-specific templates from contaminating cells by
sequestering each individual cDNA template and PCR reagents into aqueous dro-
plets within an oil suspension, thereby drastically increasing the effective concen-
tration of the transcript of interest and allowing the differential expression of
CTC-specific genes to be leveraged for identifying their presence (Fig. 2). Parti-
tioning the entire cDNA sample into these droplets followed by high-cycle PCR to
maximally amplify each template of interest creates a digital readout of the number
of positive droplets, a measure of the prevalence of each transcript of interest
(Kalinina et al. 1997). By tabulating the total number of positive and negative
droplets and assuming the transcripts of interest follow a Poisson’s distribution
when partitioning into droplets, the absolute number of transcripts in the sample can
be imputed. ddPCR has been successfully used for detecting rare alleles in the
context of free plasma DNA, where its limit of detection is at allele frequency lower
than 0.01% (Vogelstein and Kinzler 1999). In RNA detection, ddPCR may be
somewhat less sensitive, but it robustly detects presence of aberrant splicing vari-
ants (e.g., the androgen receptor Arv7 transcript) in RNA purified from prostate
cancer CTCs (Ma et al. 2016; Parkin et al. 2017). Beyond quantifying specific
cancer-associated abnormalities, ddPCR detection also offers the potential for
scoring and monitoring multiple normal lineage-specific transcripts that are absent
from hematopoietic cells and hence denote the presence of CTCs from a given
tissue of origin. Successful application of this strategy requires extensive validation
of these transcripts to ensure complete absence of signal in normal blood cells, a
feat that is greatly enhanced by the initial microfluidic enrichment of CTCs and
reduced abundance of contaminating leukocytes.
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The normal liver expresses unique transcripts, including albumin and multiple
metabolic enzymes, that are completely absent from the expression profiles of other
tissues, making it an ideal proof of principle for lineage RNA-based detection of
CTCs. Targeting the detection of hepatocellular carcinoma (HCC), we recently
established a panel of 10 RNA markers, optimized for ddPCR amplification from
CTC-iChip-enriched whole blood of patients with known liver cancer. Total cel-
lular RNA isolated from a 0.1–1% prevalent population of HCC CTCs amidst
contaminating leukocytes was subjected to whole transcriptome amplification
(WTA)—a step that exponentially increases the signal from all markers and also
allows a limited amount of template RNA to be interrogated simultaneously for
multiple markers, an important consideration given the known heterogeneity of
cancer cells. Spiking individual HCC cells into whole blood followed by micro-
fluidic enrichment and ddPCR showed the limit of detection to be 1 cell per 5 ml of
blood, with millions of transcripts of interest generated from a single-spiked cancer
cell (Kalinich et al. 2017).

Critical to the successful application of any diagnostic test is the comparison
between positive cases and appropriate, age-matched, and risk-matched negative
controls. As expected, our HCC digital CTC assay produced negligible background
signals using blood samples obtained from young healthy donors. More impor-
tantly, it was similarly negative when applied to a cohort of patients with advanced
chronic cirrhosis who were at high risk for the development of HCC and were on a
regular screening protocol using serial measurements of the oncofetal antigen alpha
fetoprotein (AFP) and ultrasound measurements. Among patients with confirmed
HCC, the sensitivity of the assay was 56% at 95% specificity when tested against a
cohort of patients with chronic liver disease at high risk for developing HCC. Using
this assay, we were unable to detect signal without initial CTC enrichment, pointing
to the importance of both debulking normal leukocytes and applying
high-sensitivity digital PCR detection.

While these results constitute a proof of principle, they also open the door
toward a viable CTC-based platform for monitoring and early detection of liver
cancer. HCC arises predominantly in high-risk individuals with liver cirrhosis
caused by infection with hepatitis B, hepatitis C, or non-alcoholic fatty liver disease
(NASH). Currently, such individuals are monitored for plasma protein AFP levels,
a sensitive but non-specific biomarker, which interestingly showed poor correlation
with the levels of CTC-derived AFP mRNA. Tumor secretion of AFP protein and
shedding of CTCs expressing AFP and other transcripts presumably measure dif-
ferent aspects of tumor biology, enhancing the likelihood that combining the two
assays may increase predictive value for the early detection of HCC. Indeed, in an
initial cohort of 15 patients with newly diagnosed HCC, 5 were positive for both
AFP protein and CTC detection, 1 was only positive for AFP protein, and 4 were
only positive by CTC assay. Thus, serial monitoring using both AFP and CTC
quantitation should be tested as a novel blood-based screening platform for the
early detection of liver cancer in high-risk populations.
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RNA-based monitoring of CTCs has broad applications beyond the measure-
ment of tumor burden in the blood. Judicious use of biomarkers can establish
indices of intracellular signaling pathways, including androgen receptor (AR) sig-
naling in prostate cancer or estrogen receptor (ER) responsive pathways in breast
cancer. For instance, in women with metastatic hormone receptor-positive breast
cancer, persistence of CTC-derived transcripts indicating ER signaling despite
treatment with ER-targeting therapy identifies patients likely to have rapid pro-
gression on endocrine therapy (Kwan et al. 2018). Such digital quantitation of
CTC-derived RNA provides the first non-invasive blood-based pharmacodynamic
measurement of ER signaling following breast cancer therapy. In addition to studies
of metastatic breast cancer, in a cohort of women with early stage breast cancer,
elevated CTC-derived RNA signal after initial courses of presurgical (neoadjuvant)
chemotherapy was predictive of the presence of minimally residual disease at the
time of surgical resection (Kwan et al. 2018). In analogous studies of prostate
cancer, CTC-derived signal for the AR splicing variant AR-V7 and for the
HOXB13 biomarker in men at first relapse of metastatic prostate cancer were highly
correlated with abbreviated clinical response to the androgen synthesis inhibitor
abiraterone. In men with localized prostate cancer, detectable CTC-derived RNA
signal is correlated with extracapsular (seminal vesicle) invasion and metastasis to
regional lymph nodes (Miyamoto et al. 2018). Digital quantitation of CTC-derived
transcripts is also applicable in melanoma, where neural crest and carcinoembryonic
antigen-associated RNAs provide robust signal of circulating cancer cells. In
metastatic melanoma, serial monitoring of patients receiving immune checkpoint
blockade shows a highly significant correlation between early declines in digitally
quantified CTC burden and subsequent response to immunotherapy and overall
survival (Hong et al. 2018). Finally, across many different types of cancer, onco-
genic translocation products leading to chimeric transcripts are detectable using
CTC-derived RNA analysis, leading to the appropriate application of targeted
therapeutic regimens. Taken together, the convergence of high-quality enrichment
of CTCs with intact RNA together with high-sensitivity RNA-based digital PCR
provides new tools for the effective monitoring of cancer cells in the blood.

5 Concluding Comments

Liquid biopsies, defined as the interrogation of blood components to ascertain the
properties of solid tumors, are poised to revolutionize the diagnosis and treatment of
cancer. Among the multiple technologies, from circulating plasma DNA to exo-
somes and CTCs, each has its unique strengths and weaknesses, and each may play
a greater or lesser role in a specific clinical scenario relevant to a particular tumor
type. In general, ctDNA has had the benefit of ease of collection and analysis, but
has been limited by the analysis of genetic variations in tumors; in contrast, CTC
analyses have been limited by the technological hurdles in rare cell isolation and the
biological features involved in their molecular characterization. We believe that

Quantitative Analysis of Circulating Tumor Cells … 85



new approaches involving automatable microfluidic negative depletion of normal
blood cells to enrich for untagged and unbiased CTCs, together with RNA-based
digital readouts are now poised to level the playing field, brining CTC measure-
ments along with ctDNA into the frontline of clinical applications. These two types
of liquid biopsies are highly complementary, as illustrated by the hypothetical
scenario of a mutation of unknown origin identified using ctDNA, whose organ of
origin may be identified by RNA-based CTC analysis. Moreover, some cancers are
driven by defined genetic alterations readily identified by ctDNA, while others may
be tied to epigenetic features or transcriptional changes that are invisible to DNA
sequencing, but apparent by RNA-based analysis. Thus, we envision a future in
which liquid biopsies with distinct capabilities may be integrated to provide a
comprehensive non-invasive platform for monitoring cancer, ranging from the
earliest evidence of cancer initiation or recurrence, to guiding the most effective
therapeutic options for evolving cancer resistance. Finally, measuring transcrip-
tional programs as the direct output of the genetic and epigenetic drivers promises
to improve our ability to understand tumor biology and respond to its changes,
opening the doors to more effective ways to diagnose, treat, and monitor cancers in
the future.
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