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The Potential for Circulating Tumor
Cells in Pancreatic Cancer
Management

Michael Pimienta 1, 2, Mouad Edderkaoui 2, Ruoxiang Wang 2 and Stephen Pandol 2*

1University of California, San Diego School of Medicine, La Jolla, CA, United States, 2Cedars-Sinai Medical Center, Basic

and Translational Pancreas Research, Los Angeles, CA, United States

Pancreatic cancer is one the most lethal malignancies. Only a small proportion of patients

with this disease benefit from surgery. Chemotherapy provides only a transient benefit.

Though much effort has gone into finding new ways for early diagnosis and treatment,

average patient survival has only been improved in the order of months. Circulating tumor

cells (CTCs) are shed from primary tumors, including pre-malignant phases. These cells

possess information about the genomic characteristics of their tumor source in situ, and

their detection and characterization holds potential in early cancer diagnosis, prognosis,

and treatment. Liquid Biopsies present an alternative to tumor biopsy that are hard to

sample. Below we summarize current methods of CTC detection, the current literature

on CTCs in pancreatic cancer, and future perspectives.

Keywords: circulating tumor cells, pancreatic cancer, pancreatic adenocarcinoma, metastasis, epithelial to

mesenchymal transition, mesenchymal to epithelial transitions

INTRODUCTION

Virtually all cancers have the potential to metastasize, and metastatic disease comes about from a
series of events involving the interplay between primary tumor cells and their microenvironment.
The end result is the dissemination and growth of tumor cells in new tissue environments. First
described in the literature in the nineteenth century by British surgeon James Paget, metastatic
disease largely remains an unsolved worldwide public health concern today—metastasis accounts
for more than 90% of cancer-related deaths (Ashworth, 1869; Spano et al., 2012).

We now know that metastasis is an “extremely complex” multistep process. Tumor cells must
advance through an invasion-metastasis cascade. In order to produce clinically detectable lesions,
primary tumor cells need to progressively intravasate through the basal membrane into the systemic
or lymphatic circulation, survive in the circulatory environment, adhere to vessel walls, extravasate
into a foreign tissue site, and adapt, survive, and proliferate in their newmicroenvironment (Fidler,
2003).

The potential for mobilization and invasion are critical to the process of intravasation. Cells
should be able to degrade the extracellular matrix (ECM) and secrete proteolytic enzymes to
facilitate migration and intravasation into the circulatory system. These epithelium-derived cancer
cells are thought to undergo a morphological change of epithelial-to-mesenchymal transition
(EMT; Leber and Efferth, 2009; Dhamija and Diederichs, 2016). At metastatic sites, neoplastic
cells should also infiltrate the endothelium in order to colonize new tissues and be able to
induce neo-angiogenesis to ensure sufficient blood supply to the newly formed tumor in order to
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maintain metabolic needs (Leber and Efferth, 2009; Figure 1).
The preferred growth and survival of cancer cells at certain
metastatic sites is less understood, although a reverse behavioral
change, mesenchymal-to-epithelium transition (MET), is
hypothesized to take place for this to occur (Dhamija and
Diederichs, 2016).

Metastasis itself is a highly inefficient process, as each step
in the metastasis cascade may play a limiting role in disease
progression, that is—if one fails then all fails. Only few cancer
cells are able to go on to form malignant secondary tumors.
Animal studies on the kinetics of each step have shown that post-
extravasation steps create the largest barrier to metastasis. An
early report, for example, found that 80% of injected cancer cells
survive in circulation and extravasate into distant tissues, but only
1 in 40 cells formedmicrometastasis and 1 in 100micrometastasis
actually progressed to macroscopic tumors (Luzzi et al., 1998).
Further, studies found similar results, showing the high efficiency
of extravasation and survival in the circulation to be independent
of cell’s malignant potential (Koop et al., 1995, 1996; Cameron
et al., 2000). These findings suggest that the growth of circulating
tumor cells (CTCs) in a new microenvironment is a key step in
metastatic tumor formation.

Materials shed from tumors are being investigated for their
potential use in diagnosis, prognosis, and management of cancer.
CTCs, cell-free circulating tumor DNA (ctDNA), and tumor
cell produced exosomes (oncosomes) all hold promise in the
current cancer research for future clinical use in diagnosis and
management. Oncosomes, nanovesicles actively shed from most
types of cancers in large numbers, like CTCs, are a dynamic
source of information regarding the genomic characteristics from
the parent tumor of which they are release (Deneve et al., 2013;
Pantel and Alix-Panabieres, 2013; Speicher and Pantel, 2014).
Though each has their own technical challenges, these materials
are now being isolated and detected in peripheral blood of
patients with many types metastatic cancers and are leading the
way toward use of “liquid biopsies.”

CTCS IN MODERN CANCER RESEARCH

While, it is estimated that only 0.01% of CTCs have metastatic
potential, the clinical importance of CTCs in “modern cancer
research” over the past two decades has become increasingly
apparent (Zhe et al., 2011). Although the presence of CTCs
in blood could not exclusively indicate clinically significant
macro-metastases, partly due to metastatic inefficiency, it
surely indicates the presence of malignant tumors in situ.
More and more data suggests that solid tumor shedding
occurs early in disease. A recent study detected disseminated
tumor cells (DTCs) in bone marrow of a mouse breast
cancer model during pre-malignant stages, reinforcing the
idea of early spread of tumor cells to distant organs. Fast,
specific, and sensitive detection of CTCs may have potential
to enhance diagnosis, treatment, and cancer monitoring.
CTCs may additionally be exploited for genotypic and
phenotypic abnormalities representative of the tumor
in situ.

CTC detection in peripheral blood has been reported in a
number of cancer types, such as lung (Zhang et al., 2014),
metastatic breast (Riethdorf et al., 2007), prostate (Hu et al.,
2013), colorectal cancer (Kuboki et al., 2013), and gastrointestinal
and biliary cancers (Al Ustwani et al., 2012; Tsujiura et al., 2014).
Many of these cancers are diagnosed at late stages, resulting
in high rates of mortality. Advancements in CTC collection,
enrichment, and characterization have led to increased interest
in the clinical use of CTCs. Studies in various organ systems have
consistently shown that CTCs rarely exist in the blood of healthy
subjects, consolidating their utility in the clinical laboratory
(Sastre et al., 2008; Hou et al., 2013; Tsai et al., 2016), while
supporting the premise of CTCs with the potential of a powerful
biomarker.

Various available CTC detection technologies have expanded
their use from simply diagnostic markers to tools to evaluate
overall survival, risk of metastasis, and response to therapy.
Recently, using the Veridex Cell Search System, the only
FDA approved method for CTC enumeration in whole blood,
Weissenstein et al., found a strong correlation between median
overall survival in metastatic breast cancer patients with <5
CTC/7.5 ml vs. those with ≥5 CTC (p = 0.00006; Weissenstein
et al., 2012). In a review of multicenter study of 1,358 individuals,
Miller et al. found a highly significant median overall survival in
favorable CTC counts vs. patients with unfavorable CTC counts
with metastatic breast cancer, metastatic colorectal cancer, and
prostate cancer (p < 0.0001). Additionally, patients enrolled in
therapies that decreased CTC counts displayed improvements
in overall survival, pointing to the utility that CTC analysis
in the response to anti-cancer treatments holds (Miller et al.,
2010). Studies have also taken advantage of the current available
methods to correlate tumor dissemination and stage to CTC
count. Hiraiwa et al. showed that CTC counts were higher in
metastatic patients than in non-metastatic esophageal, gastric,
and colorectal cancers and were significantly correlated to
advanced tumor stages. High CTC count, defined as 2 or
more CTCs per 7.5 ml in this study, was linked to pleural
and peritoneal dissemination (Hiraiwa et al., 2008). Further,
validation in clinical settings will establish CTC detection
as a marker for sensitive and non-invasive cancer diagnosis,
treatment evaluation and prognosis.

CTC ENRICHMENT AND DETECTION

CTCs are rare cells, detected in numbers ranging from 1 to
10 s per ml whole blood, among billions of red blood cells and
millions of leukocytes. CTC detection and isolation remain being
technologically challenging (Joosse and Pantel, 2013). In the
infancy of this rapidly growing field, current CTC detection and
analysis rely mainly on various methods of enrichment.

CTC enrichment approaches exploit the unique biological
and/or physical properties of this specified tumor cell type among
vast numbers of peripheral blood cells, in order to increase
CTC recovery by many orders of magnitude. Immunoaffinity
platforms select for CTCs based on the expression of specific
surface antigens, through either positive or negative selection.
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FIGURE 1 | The Sequential Process of Cancer Metastasis. Metastasis is a complex multi-step process. Tumor cells undergo remarkable morphological and

phenotypical changes enabling migration and infiltration of adjacent sites as single cells or small clusters. An initial epithelial-to-mesenchymal transition (EMT) allows

cells to acquire mesenchymal properties essential for motility and migration. Upon infiltrating local stroma, cancer cells intravasate into the vascular or lymphatic

system and circulate throughout the body as circulating tumor cells (CTCs). In the circulation, disseminated CTCs must overcome barriers such as sheer-stress and

the immune system. CTCs that survive the circulation extravasate and invade distant tissues by reestablishing characteristics of their corresponding primary tumor.

CTC plasticity allows them to undergo the mesenchymal-to-epithelial transition (MET) to achieve this. Each step in this metastasis cascade is rate-limiting. Cells that

successfully adapt to their microenvironment and resume proliferation successfully form overt secondary tumors. Alternately, cells that do not survive undergo cell

death.

Since most carcinomas express epithelial markers, epithelial
cell adhesion molecule (EpCAM) is most commonly used in
antibody-based positive selection with commercial technologies.
Negative selection depletes other mononucleated cells through
anti-CD45 antibody use. Established collection methods have
employed these proteins to attract and adhere CTCs to columns,
microposts, or magnetic apparatus (Alix-Panabières and Pantel,
2014).

Two early platforms, magnetic-activate cell sorting system
(MACS), and Dynabeads use magnetic fields for attract CTCs
to anti-EpCAM antibody coated magnetic microbeads (Nagrath
et al., 2016). Similarly, CellSearch (Janssen Diagnostics)
uses anti-EpCAM conjugated ferrofluid nano-particles to
immunomagnetically capture CTCs, which may then be
differentiated from contaminating leukocytes based on positive
cytokeratin or EpCAM staining and negative CD45 staining
(Hayes et al., 2006). Despite much progress in platform
development, CellSearch remains the only FDA approved
method of whole blood CTC enrichment and enumeration.
Another platform, MagSweeper (Stanford University), uses
magnetic rods, stirred through diluted blood samples, to
attract CTCs pre-labeled with EpCAM-magnetic beads (Talasaz
et al., 2009). This platform was one of the first to enrich
CTCs with a notably higher purity than its predecessors.
Importantly, it has the ability to isolate live CTCs without
perturbing gene expression throughout the enrichment

process, providing viable CTCs for analysis (Krebs et al.,
2014).

Microfluidic devices, which allow separation of CTCs,
from small fluid volumes under laminar flow, are promising
technologies. Nearly 10 years ago, Nagrath et al. was able
to selectively and efficiently isolate CTCs from whole blood
of 115/116 (99%) cancer patients using anti-EpCAM-coated
posts with this “CTC-Chip” platform, eliminating the need for
pre-labeling or sample processing (Nagrath et al., 2007). New
microfluidic approaches have appeared since then, including
methods taking advantage of physical properties as well, making
the platform applicable to isolation of CTCs that lack or have
down regulated EpCAM expression (Stott et al., 2010; Ozkumur
et al., 2013).

Positive and negative CTC enrichment is also tested based on
physical properties alone. Tumor cells and CTCs are generally
thought to be larger (>8µm) than hematologic cells (Vona et al.,
2000, 2004; Hosokawa et al., 2013). Size-based filtration methods,
such as isolation by size of epithelial tumor cells (ISET) through
membrane filters with size exclusive pores, have been previously
used to isolate individual CTCs and achieved higher sensitivity
than CellSearch (Hofman et al., 2011; Hou et al., 2011).

As CTCs extravasate and intravastate the circulation, they
undergo massive deformations in their structure due to
mechanical forces which they endure. Cancer cells are known to
be more deformable than normal cells, a quality that is correlated
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to their metastatic potential and is exploited by some enrichment
platforms (Byun et al., 2013; Park et al., 2016). Additionally,
platforms utilizing tumor cell property differences in electrical
charge and density have been reported (Müller et al., 2005; Fabbri
et al., 2013; Yoo et al., 2016).

While many of the platforms available have been able to detect
CTCs in blood samples, these small peripheral blood collections,
of several milliliters, may not be representative of the of the entire
patient blood volume. Recently, an antibody coated medical wire
(CellCollector; Gilupi GmbH) capable of detecting EpCAM and
cytokeratin positive CTCs in vivo was introduced. In a recent
study, a 30 min incubation period, in which the wire was exposed
to circulating blood in the arm vein of lung cancer patients,
showed over a 2-fold increase in CTC detection in comparison
to CellSearch (Gorges et al., 2016b). Further, efforts to enhance
the biocompatibility of these wire coatings, have been employed
to maximize functionality for downstream processes such as
sequencing analyses of captured cells (Scherag et al., 2017).

Once enriched, CTCs are detected/confirmed through various
techniques. Immunocytological and molecular approaches are
the most commonly employed. Immunocytochemistry (ICC)
may differentiate CTCs from contaminating cells through
biomarker detection. Such biomarkers can be specific for nuclear
content, epithelial proteins (i.e., cytokeratins), and hematopoietic
markers (i.e., CD45). A common immunocytological CTC
definition, currently used by CellSearch and other platforms,
is a Nucleus+/CK+/CD45− cell. However, it should be noted
that CTC designation depending primarily on epithelial marker
expression may lead to false negatives by failing to detect
CTCs that have undergone EMT (Lustberg et al., 2012). As cell
phenotypes can vary in different malignancies, the heterogeneity
of CTCs pose barriers to efficient and thorough detection by
liquid biopsies.

Reliance on epithelial markers, which most epithelial
carcinomas express, for enrichment and identification, fails to
capture subpopulations of CTCs, such as mesenchymal cells,
that may harbor clinically important information. Currently,
cancer studies in breast and prostate have already demonstrated
that mesenchymal marker expression by CTCs is associated
with poorer survival (Aktas et al., 2009; Yokobori et al., 2013).
Recently, negative depletion strategies that enrich CTCs in
phenotype-independent ways have been introduced in an effort
to solve this problem and enhance detection. Immunostaining of
CD45 and cell sorting with flow cytometry was used to enrich
the breast cancer CTC population (Lara et al., 2004). Multi-
marker Immunomagnetic Negative Depletion Enrichment of
CTCs (MINDEC), relies on depletion of non-CTCs as opposed
to targeting specific properties of CTCs (Lapin et al., 2016).
This technique is based on a multi-marker antibody cocktail
(CD45, CD16, CD19, CD163, and CD235a/GYPA) to target
various contaminating blood classes. This technique has shown
high enrichment efficiency of both epithelial and mesenchymal
CTCs, with better hematopoietic depletion than CD45 alone.
Additional, novel cell surface marker-independent techniques
have been shown to effectively detect CTCs in epithelial and
non-epithelial malignancies in the absence of cell surface tumor
markers. For example, a novel method introduced by Zhang

et al., selectively labeled CTCs through GFP expression in human
samples and cancer cell lines transfected with tumor selective
replicating HSV-1 with a high detection efficiency (Zhang et al.,
2016).

Table 1 shows various CTC isolation methods used in the last
few years.

Newer methods have employed combinations of epithelial,
mesenchymal, tumor-specific, and tissue-specific marker
expression (Pantel and Alix-Panabieres, 2013).

Additionally, nucleic acid-based technologies have provided
an alternate avenue (Yu et al., 2011), as improvements in non-
fixating enrichment procedures have allowed for the use of RT-
PCR and qRT-PCR to amplify single or multiple gene transcripts
for CTC detection.

Most recently, emerging single-cell sequencing techniques
have shifted the field toward individual CTC analysis of
genetic alterations associated with tumor mechanisms, clinical
outcomes, therapy response, and drug targets and resistance.
The usefulness of genomic analyses, however, is limited by
heterogeneity between cancer subtypes, presenting barriers
toward finding universal markers. Similarly, all the current
enrichment, detection, and analysis techniques available harbor
their own technical challenges and limitations. Most of these are
outside the scope of this discussion.

CTCS IN PANCREATIC CANCER
DIAGNOSIS

Pancreatic cancer is one of the deadliest malignancies. Pancreatic
ductal carcinoma (PDAC) makes up the majority of pancreatic
cancers. While advancements in the treatment of other cancer
typesmay have led to significant improvement in patient survival,
advancements in pancreatic cancer research have not been met
with the same success. PDAC incidence has remained stable over
the last 30 years and the lack of fruitful therapies and new/useful
diagnostic methods have yet to be changed in pancreatic cancer
(Ryan et al., 2014). With current therapies improving survival
outcomes by only a few months, pancreatic cancer patients
face a 5 year survival rate of only 7%. Gemcitabine, the
first-line of PDAC therapy, only modestly improves survival
in advanced pancreatic cancer, while the clinical benefit of
combinational-targeted therapies (Erlotinib+Gemcitabine) has
proven to have only slight benefit, increasing overall survival
by less than a month (Burris et al., 1997; Moore et al., 2007).
Recent work in combinational chemotherapeutics has led to
a promising approach, FOLFIRINOX (Oxaliplatin, Irinotecan,
Leucovorin, and 5-fluorouracil), which has almost doubled
survival inmetastatic pancreatic adenocarcinoma patients to 11.1
months compared to 6.8 months with single-agent gemcitabine
(Conroy et al., 2011). In another promising approach, albumin
bound paclitaxel (Abraxane) plus standard gemcitabine therapy
increased overall survival to 8.5 months compared to standard
gemcitabine therapy with an overall survival of 6.7 months
(Von Hoff et al., 2013). The toxicity associated with these
regimens is unfavorable and should be used in patients with good
performance status. Unfortunately, 5 year survival rates remain
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TABLE 1 | CTC isolation techniques.

CTC isolation method Disease Comment References

Size-based filtration method: Use of membrane filters with

size exclusive pores

Multiple carcinomas Isolation of CTCs based on cell

size to isolate them from

leukocytes

Vona et al., 2000, 2004;

Hosokawa et al., 2013

Veridex cell search system: Anti-EpCAM antibody coated

microbeads

Multiple carcinomas The only FDA approved Allard et al., 2004

Magnetic-activated cell sorting system (MACS) Breast cancer Enrichment of the CTC

population

Lara et al., 2004

Use of electrical charges and density properties of cancer

cells

Primary breast cancer CTCs detected in 8.3% of

patients before surgery. After

Chemotherapy, CTCs detected

in 44% of previously negative

patients

Müller et al., 2005

Cell Search System Gastro-intestinal

cancers

High CTC number corrected with

metastasis and with low survival

Hiraiwa et al., 2008

MagSweeper: Magnetic rods Metastatic breast

cancer

Higher purity than the Cell search

system

Talasaz et al., 2009

Microfluidic devices: Microfluid approaches taking advantage

of physical properties

Metastatic prostate

cancer

Isolate CTC with down regulated

EpCAM

Stott et al., 2010; Ozkumur

et al., 2013

Combination of epithelial and mesenchymal markers: Use

combination of antibodies to select CTC with epithelial and

mesenchymal properties

Localized and

metastatic colorectal

cancer

Avoid CTC phenotype problem Deneve et al., 2013

MINDEC: Multi-Marker Immuno-magnetic Negative

Depletion Enrichment

Metastatic pancreatic

cancer

Enhanced negative depletion

strategy—MINDEC-based on

multi-marker (CD45, CD16,

CD19, CD163, and

CD235a/GYPA) depletion of

blood cells

Lapin et al., 2016

GILUPI cell collector: cell Collector-Wire coating: EpCAM

and Cytokeratin antibody coated medical wire

Lung cancer Isolation of CTCs from peripheral

blood to overcome the blood

volume limitations

Gorges et al., 2016b

Wire coating enhanced: Enhanced wire coting to maximize

functionality

Breast cancer cells Improvement of the wire

technology

Scherag et al., 2017

relatively unchanged. It is estimated that by 2030 pancreatic
cancer will be the second leading cause of cancer-related deaths
(Rahib et al., 2014; Dawson and Fernandez-Zapico, 2016).

The idea of a liquid biopsy, which could reveal diagnostic and
prognostic information about a patient’s state, has been gaining
much traction in the past 10 years. In one of the earliest studies,
with 12 types of metastatic carcinomas in 964 patients, CTCs
were successfully detected in patients with pancreatic cancer
using CellSearch, albeit in lower numbers than the other cancers
(Allard et al., 2004). Below, we summarize the studies of CTCs
in the diagnosis, staging, and prognosis for pancreatic cancer
patients.

Pancreatic cancer is a fast progressive disease and its early
diagnosis is challenging. Initial pancreatic cancer diagnosis
depends largely upon symptoms, which would only appear
late when tumor have fully progressed and are not specific
to be recognized at early stages. Due to the pathobiology and
aggressiveness of PDAC, by the time anorexia, early satiety, pain,
and weight loss start present, the disease has already progressed,
leaving little room for a favorable prognosis. Additionally, of the
15% of patients seeking medical care 6 months prior to diagnosis,
25% have symptoms resembling upper abdominal disease that

may lead tomisdiagnosis (DiMagno, 1999). Affirmative diagnosis
is made by tissue biopsies obtained by surgery, image guided CT
biopsy, or fine needle aspiration through endoscopic ultrasound
(EUS-FNA). Despite its widespread use, EUS-FNA does have
diagnostic drawbacks, specifically a sensitivity range from 75
to 94% and a specificity of 78 to 95%, with low but lethal
complications such as pancreatitis and bowel perforation (Court
et al., 2015; Bournet et al., 2016). For CTC detection to be
adopted to pancreatic cancer diagnosis, it must be useful for
early diagnosis and/or monitoring treatment responses. A key
performance milestone necessary for the implementation of CTC
technologies is an understanding of disease stage at which CTCs
can be detected. At the same time, it should be kept in mind
that CTC research in pancreatic cancer is at nascent stage, while
CTC detection methods and criteria vary largely between studies.
It is important to critically analyze the markers available and to
characterize CTCs at different stages of cancer progression.

CTC detection has been explored in early diagnosis of various
cancers and CTCs have been detected prior to tumor detection
by traditional methods. A recent study, for instance, found that
CTCs could be detected 1–4 years before lung cancer became
detectable through CT-scan screening in the same patients (Ilie
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et al., 2014). For breast cancer, the American Society of Clinical
Oncology (ASCO) has already approved the use of CTCs as a
tumor marker, creating new directions for early breast cancer
diagnosis (Harris et al., 2007).

Similar results have been obtained in pancreatic cancer. In a
mousemodel of PDAC, Rhim et al. found that inflicted pancreatic
cells underwent EMT early during cancer development. These
cells with EMT were predicted to represent early cancer cells, as
the extent of EMT correlated well to invasive properties in tumor
cells, facilitated their intravasation to circulating the blood and
hepatic seeding, prior to the manifestation of primary tumors
(Rhim et al., 2012). Additionally, blood samples from patients
with pancreatic cystic lesions were detected to contain pancreas
epithelial cells, at a time prior to cancer diagnosis. These findings
suggested that pancreatic cell appearance in circulating blood
precedes in situ tumor formation, and detection of CTCs could
be an early biomarker for PDAC early diagnosis.

CTC-specific gene expression has been explored as surrogate
markers for early cancer detection. Such studies mostly detect
CTCs via detecting their expression of epithelial proteins.
Reverse transcription-coupled polymerase chain reaction (RT-
PCR) could be used to examine potential epithelial markers
in CTCs derived from tumors of the epithelia. Soeth et al.,
evaluated cytokeratin 20 (CK20) detection, through RT-PCR
detection from themarrow and venous blood in pancreatic ductal
carcinoma patients. CK-20 positivity was detected in cells of
52 of 154 patients in venous blood, where higher CK20 level
was correlated to UICC-tumor stage (Soeth et al., 2005). In
a study of 34 pancreatic cancer patients prior to treatments,
de Albuquerque et al used immunomagnetic enrichment for
CTCs in peripheral blood based on mucin-1 and EpCAM
expression. Subsequently, multi-marker RT-PCR analysis was
used to detect tumor-associated transcripts, including KRT19,
MUC1, EpCAM, CEACAM5, and BIRC5. CTCs with at least
one marker in peripheral blood were detected in 47.1% patients
prior to undergoing treatment (de Albuquerque et al., 2012).
Detection efficacy was increased with the use of multiple markers
as opposed to single marker use, indicating differential gene
expression among CTCs from the same cancer patient.

Zhang et al., used an alternative strategy by enriching and
identifying CTCs through a combination of CD45 and CK with
a FISH-CEP8 probe in 22 pancreatic cancer patients. CTCs
were detected from 15 of the patients, with CTCs ranging
from 0 to 60 cells/3.75 ml of blood. In comparison, healthy
controls, and patients with benign pancreatic tumors were
negative for detection of CTCs, and sensitivity and specificity
of CTC detection in pancreatic diagnosis were determined to
be 68.18 and 94.87%, respectively, when using 2 cells/3.75 ml
as cutoff. CTC-positive patients exhibited metastasis and poorer
survival rates upon a 1.5 year follow-up. CTC positivity did
not correlate significantly to CA19-9 levels of the in situ tumor.
It is well-known that, though CA19-9 has a high sensitivity
and specificity in advanced pancreatic cancers, its diagnostic
usefulness is questionable to diseases at early asymptomatic
stages. The combination of CA19-9 and CTC positivity in the
study above increased detection rates from 68.18 to 77.3% (Zhang
et al., 2015). The results from this study suggest CTCs as

biomarkers for the diagnosis of early stage pancreatic cancers, in
asymptomatic patients, and from patients with normal CA19-9
plasma levels. A later study by Xu et al., used a similar approach
in 40 patients and dramatically high detection rates in PC patients
(90%). Diagnostic rates increased to 97% when combining CTC
≥ 2 and CA19-9 > 37 µmol/L as a cutoff. Identification of
chromosomal instability in CTCs, characterized as chromosome
8 triploids, showed a significantly statistic prognostic correlation.
Patients with triploid CTCs < 3 displayed both higher 1 year and
overall survival compared to those with ≥ 3 (Xu et al., 2017).

Doublecortin-like kinase 1 (DCLK1) may be another marker
for CTC detection in early PDAC stages. Prior work suggests
that Dclk1 marks stem cells, being able to differentiate cancer
from normal stem cells. Interestingly, this marker protein is
overexpressed in pancreatic and colorectal cancers (Nakanishi
et al., 2012; Bailey et al., 2014). Qu et al., found elevated serum
DCLK1 levels in stage I and II PDAC patients relative to controls
and a decline in stage III and IV patients to levels similar to those
seen in control patients. Diagnostic utility analysis showed both
DLCK1 sensitivity and specificity to be significant in stage I and
II patients. Furthermore, the investigators evaluated DCLK1 in
the KPC mouse model, finding the serum DCLK1 levels to be
significantly elevated as early as 5 weeks in KPC mice, compared
to control mice. Over 50% of CTCs isolated from KPC mice
whole blood were DLCK1+, suggesting a possible biomarker to
be used in conjunction with CTCs for detection of early stage
pancreatic cancer (Qu et al., 2015).

Kulemann et al., investigated the usefulness of CTC detection
in pancreatic cancers from both localized and advanced stages.
Peripheral blood from PDAC patients was used to capture
CTCs for cytological and KRAS mutational analysis using the
ScreenCell isolation method (Kulemann et al., 2015). High
CTC detection efficiency as low as 2 cells/ml was calibrated
by spiking experiments with healthy donor blood. CTC KRAS
mutations were identified in 8 of 11 PDAC patients (73%).
This is in sharp contrast to conventional biopsy-based diagnosis
for the same patients, by which 2 of 11 samples (18%) were
cytologically categorized as negative/non-diagnostic, while the
rest exhibited abnormal morphology (18%) or were categorized
as suspicious (64%). Moreover, the authors found no difference
in the detection rate between early and advanced diseases,
suggesting that CTCs are disseminated from primary tumors
early in disease development and can be used to diagnose
pancreatic cancer at initial stages where curative surgery may be
available. It should be pointed out that this finding is contrary
to those shown by Soeth et al. (2005), in which significant stage
dependent differences were observed in CTC detection. Further
studies are needed to clarify whether the difference is due to the
differences in CTC detection strategies.

CTCS IN METASTASIS AND EARLY
CANCER

Early local invasion and metastasis are prominent factors in the
poor prognosis of pancreatic cancer, as most patients are found
withmetastatic disease at diagnosis (DiMagno et al., 1999; Pandol
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et al., 2009). The impact of CTCs on pancreatic cancer metastasis,
recurrence, and prognosis has been investigated.

A recent 9-cohort meta-analysis of separate studies using
CellSearch and RT-PCR detection methods, involving 623
pancreatic cancer patients altogether, revealed associations
between CTC detection and poor prognosis. Out of 623 patients,
268 (43%) were classified as CTC positive and displayed poor
progression-free survival and worse overall survival than those
in the non-CTC group (Han et al., 2014).

Using the CellSearch enrichment method, Kurihara et al.,
investigated the utility of CTCs in peripheral blood as a marker
of clinical outcomes in 26 patients with pancreatic cancer. CTC
positivity was found in 11 of 26 pancreatic cancer patients (42%).
The authors demonstrated a significant difference in median
survival times between CTC positive and negative patients, for
110.5 and 375.8 days, respectively (P < 0.001; Kurihara et al.,
2008). Given that the detection method was shown to have 100%
specificity, with no CTCs detected in the non-cancer groups,
CellSearch detection strategy may not be sensitive enough, as
no CTCs were detected from the other 58% pancreatic cancer
patients. These results suggest the need of developing more
sensitive methods to detect positive CTCs in all pancreatic cancer
cases.

Similarly, de Albuquerque et al found a correlation between
CTC positivity (47% of patients) and median progression-
free survival (PFS). Patients with at least one tumor-associated
transcript found in their CTCs, enriched from peripheral
blood using immunomagnetic EpCAM and mucin 1 detection,
had a PFS of 66.0 vs. 138.0 days in those who did not.
Intriguingly, CTC enumeration was found to have no correlation
to clinicopathological features of the disease, includingmetastasis
status and tumor stages (de Albuquerque et al., 2012).

Bidard et al. studied CTC detection rates in a subset of 79
patients with locally advanced pancreatic carcinoma enrolled
in the LAP 07 trial. The primary study (LAP 07) assessed
the effect of subsequent chemotherapy vs. chemo-radiotherapy
continuation on overall survival in patients whose disease was
controlled after 4 months of chemotherapy alone. The patient
subgroup was screened for CTCs using CellSearch technology
prior to chemotherapy administration and 2 months after
treatment. While the investigators found that CTC positivity
was not prognostic of PFS, they found it to be an independent
prognostic factor associated with poor tumor differentiation and
shorter overall survival (Bidard et al., 2013).

Bissolati et al., used the same CellSearch technique with
systemic and portal vein blood of 20 patients undergoing
pancreatic resection. No significant differences in both overall
survival and disease-free survival between CTC-positive and
-negative groups. The authors did, however, find a higher
incidence of liver metastasis upon a 2 and 3 year follow up in
the CTC-positive portal vein group (Bissolati et al., 2015).

Similarly, an early study investigated CTC positivity in 67
intraoperative patients with biliary-cancer. Molecular detection
of CEA mRNA-positive CTCs from peripheral, central, and
portal veins via RT-PCR was associated with a significant
incidence of hematogenous metastases compared to CTC-
negative patients (37.5 vs. 11.4%; Uchikura et al., 2002).

Nonetheless, whether surgical resection of the pancreas itself
may contribute to tumor cell shedding remains to be addressed.
Pancreaticoduodenectomy (PD), involving the pancreatic head,
and distal pancreatosplenectomy (DPS), involving the pancreatic
body and tail, are standard surgical procedures. Both require
necessary mobilization of the pancreas, and may lead to CTC
dissemination via the portal vein to increase the risk of liver
metastasis (Kuroki and Eguchi, 2017).

Table 2 represents data showing association between CTC
presence and pancreatic cancer stage and outcome.

Chausovsky et al., used RT-PCR to examine the usefulness
of CK20 expression in CTCs in the diagnosis of metastatic
lung, stomach, colon, and pancreatic cancers (Chausovsky et al.,
1999), since CK20 has been shown to not be transcribed
in cells of hematopoietic lineage (Burchill et al., 1995).
Chausovsky concluded that CK20 is a potential biomarker for
detecting metastasis, with a sensitivity of 22/28 (78.6%) in
patients with metastatic pancreatic cancer. Cytokeratins are used
conventionally to characterize cancer cells of epithelial origin
(Cooper et al., 1985; Lane and Alexander, 1990). Combination
of cytokeratin and additional gene expression may improve the
efficacy of CTC detection.

Poruk et al., assessed the potential of CTCs as biomarkers
in 50 patients prior to surgical resection, based on EMT-related
epithelial and mesenchymal marker expression. CTCs were
acquired from blood samples through the method of ISET. CTCs
were further identified by immunofluorescence staining with
antibodies against pan-cytokeratins and the mesenchymal cell
protein, vimentin. This analysis found that 78% of patients had
CTCs expressing cytokeratin and 67% co-expressed vimentin,
while no CTCs were found to express vimentin only. The
authors found a significant association between cytokeratin only
positive CTCs and worse survival. Interestingly, co-expression
of vimentin was predictive of recurrence (p = 0.01). Of the
patients diagnosed with metastatic cancer at the time of surgery,
all the CTCs were positive for dual staining (Poruk et al., 2016).
These findings indicate the involvement of EMT mechanism in
metastatic progression. EMT would render CTCs heterogeneous
andmulti-marker analysis would have to be employed in order to
ensure a comprehensive detection of all CTCs in a patient blood
sample.

A recent study enumerated CTCs independently of surface
marker status using a GFP expressed tumor selective Herpes
Simplex Virus replicated based on telomerase activity.
Transfected cells of 290 samples of patients with different
solid tumors were examined and CTCs were detected in patients
with epithelial and non-epithelial tumors from as little as 4 ml
of blood. PC patients had a positive CTC detection rate of 88.2%
across various stages and had the highest average number of
cells identified per samples (43.1). Additionally, CTC detection
rates increased to 100% in PC patients with regional lymph node
metastasis but no distant metastasis (N+M0), further supporting
the use of CTCs as a biomarker in disease progression (Zhang
et al., 2016). Other recent phenotypic-independent enrichment
platforms have shown some success in CTC enumeration
regardless of epithelial or mesenchymal surface proteins.
Negative selection of hematopoietic cells in blood samples of
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TABLE 2 | Association between CTC presence and disease stage and outcome.

References Finding Number of patients CTC Detection method in pancreatic cancer patients

Allard et al., 2004 First detection of CTC in pancreatic cancer

biopsies

16 Cell search

Soeth et al., 2005 Higher CK20 in the blood correlated with tumor

stage

154 CK20 RT-PCR

Kurihara et al., 2008 Association between presence of CTC and

survival

26 Cell Search

de Albuquerque et al.,

2012

Association between presence of CTC and

decreased PF survival. No association between

presence of CTC and disease stage

34 Multi marker RT-PCR

Bidard et al., 2013 No PF survival association but association with

poorer overall survival

79 Cell Search

Han et al., 2014 Association between CTC detection and poor

prognosis

623 Cell Search and RT-PCR (9-cohort meta-analysis study)

Zhang et al., 2015 CT-positive patients exhibited metastasis and

poorer survival

22 CD45 and CK with FISH-CEP8 probe

Xu et al., 2017 Diagnostic rate increased to 97% when

combining CTC>2 and CA19-9>37

40 NE-iFISH

Kulemann et al., 2015 No correlation between CTC and stage. CTC

could be used as early marker

11 Screen Cell Isolation Method

Bissolati et al., 2015 No PF or overall survival association. But higher

liver metastasis incidence

20 Cell Search

PC patients using MINDEC showed a CTC detection rate of
71%. Further, characterization of the enriched cells showed the
presence of both epithelial and mesenchymal CTC populations.
While the high rate of positivity in this proof-of-principle study,
in comparison to previous phenotype specific platforms, could
be due to the authors use of patients with metastatic disease
only, its ability to detect both epithelial and mesenchymal cells,
in addition to CTC clusters, marks a progressive trend toward
comprehensive detection of both epithelial and mesenchymal
CTCs with one technique (Lapin et al., 2016). More importantly,
both CTC surface marker-independent enrichment techniques
allow for the viability of collected cells to be subsequently used
for downstream genetic analysis without compromise from high
background leukocyte levels.

Recent works characterizing EMT found CTCs positive for
both epithelial and mesenchymal markers in peripheral blood
of breast cancer patients (Yu et al., 2013). Studies in mouse
models have provided insight into the composition of CTCs
in pancreatic cancer. Single-cell RNA sequencing revealed the
expression of both epithelial and mesenchymal markers in KPC
LSL-KrasG12D, Trp53flox/flox or +, Pdx1-Cre (KPC) mouse
pancreatic tumors. Moreover, the authors observed substantial
loss of the classical E-cadherin expression, suggesting that
some CTCs of epithelial lineage could indeed adopt a partial
mesenchymal stromal phenotype through EMT, while retaining
other epithelial features such as cytokeratin expression (Ting
et al., 2014).

Different from epithelial cells, most mesenchymal stromal
cells harbor certain stem cell properties, being able to be induced
to differentiate into more mature cells (Zhau et al., 2011). The
EMT phenotype is usually associated with expression of cancer
stemnessmarkers (Kong et al., 2011). Compared to other cancers,

however, very little is known about stemness in pancreatic cancer
CTCs.

In breast cancer, expression of cancer stem cell markers in
CTCs is a sign of increased the metastatic ability (Papadaki et al.,
2014). The expression of cancer stemness marker ALDH1 on
CTCs was found to correlate to the stage of the disease and
to the expression of EMT markers vimentin and fibronectin in
prostate cancer patients (Raimondi et al., 2011). A study by
Barrière et al. (2012) aimed at the detection of CTCs endowed
with mesenchymal and/or stem cell characteristics, at the time of
initial diagnosis with breast cancer, found that EMT and cancer
stemness occur in the primary tumors and are associated with an
enhanced ability for tumor cells to intravasate in the early phase
of cancer development.

Multiplex transcriptome profiling of single CTCs revealed
presence of sub-populations of CTCs expressing multiple pro-
cancer transcripts including cancer stem cell markers such as
CD44 and CD24 (Gorges et al., 2016a). So far multiple markers
have been used to detect CTC stem cell properties in CTCs,
including CD44, CD133, CXCR4, ABCG2, and ALDH1. Other
markers used uniquely for pancreatic cancer CTCs include CD24
and c-Met (Yang et al., 2015). Whether CTCs with mesenchymal
or stem cell characteristics may be used as a marker for
aggressiveness of the disease remains to be evaluated in future
studies.

CHALLENGES

There has beenmuch progresses over the last decade to overcome
the initial barriers of CTC research in the laboratory and clinic.
Significant technological development has been made for CTC
detection, enrichment, and molecular characterization. On the
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other hand, CTC research in gastrointestinal cancers had a late
start relative to other human malignancies (Allard et al., 2004).
Due to gastrointestinal biology, pancreatic cancer detection via
CTCs has its own set of challenges. It is widely proposed
that the liver sequesters CTCs as they pass into the systemic
circulation via the portal vein (Jiao et al., 2009). The predominant
dissemination of pancreatic cancers to the liver have supported
this notion. A recent report detected CTCs in 100% (14/14) of
portal vein samples of patients with pancreaticobiliary cancers as
opposed to under 25% (3/14) when peripheral samples were used
for detection (Catenacci et al., 2015), a result consistent with the
notion that higher CTC numbers are detected in portal vein as
opposed to peripheral blood (Waxman et al., 2014). Furthermore,
there was a significant increase in CTC detection in portal blood
vs. peripheral blood, with a mean of 125.64 CTCs/7.5 ml as
opposed to 0.8 CTCs/7.5 ml (p = 0.01; Catenacci et al., 2015).
This study further emphasizes the importance that the collection
site plays in CTC detection.

While preliminary studies in various cancers are
demonstrating the potential of CTCs in early cancer detection,
the continuous data coming out using different platforms
(exploiting size, density, charge, surface antigens, etc.) make it
challenging to reach a consensus for clinical application. The
diversity of methods for CTC enumeration and characterization
can confuse the research and the clinical communities. There
is a lack of large studies comparing enrichment and detection
between CTC detection platforms. A pilot comparative study of
54 pancreatic cancer patients investigated differences between
CellSearch and amarker-independent ISETCTC isolation (Khoja
et al., 2012). The authors detected significantly more CTCs using
ISET in comparison to CellSearch (93 vs. 40%). Similar studies
in other cancers have pointed out the discrepancies between
platforms (Farace et al., 2011; Hofman et al., 2011).

Discrepancies can partially be attributed to different types
of carcinomas and their expression of surface markers.
Furthermore, the differences in specificity and sensitivity may
lead investigators to adapt different platforms for their specific
study. This raises many concerns in regards to the identities
of CTCs. As EMT facilitates CTCs with increased capacity for
detachment and invasion, the loss of epithelial lineage marker
expression makes the identification particularly difficult. We
must further explore the limitations that certain platforms create
in capture efficiency. For example, EpCAM expression, which
CellSearch exploits, is heterogeneous and cleavage has been
reported (Maetzel et al., 2009). Limitations of other epithelial cell
markers have also been reported, such as the down regulation of
CK20 in tumors leading to false-negatives (Vlems et al., 2002;
Krebs et al., 2014). It would be ideal for platforms to detect
bothmesenchymal and epithelial characteristics of CTCs, and the
platforms must be carefully validated.

Additionally, not only do detection rates vary by platforms,
but also between cancers. There is currently no consensus on the
cutoff value for CTC positivity, even within a single platform.
Stringent parameters should be set for CTC use not only in
detection, but also as a prognostic marker of clinical outcomes
in pancreatic cancer. Although it may be difficult due to the
differences in enrichment and detection between platforms,

standardization across single or multiple platforms is paramount
for future incorporation into the field.

Due to the complex nature of the metastatic process,
disseminated cells may be clinically silent for long durations. In
breast cancer, cytological assessment suggests that CTCs actively
undergoing mitosis are most common in late-stage disease and
have prognostic value (Adams et al., 2016). One study found
that aberrant VCAM1 expression, a common complication of
breast cancer, was crucial for the transition from dormancy to
overt metastasis (Lu et al., 2011). We must continue to explore
ways to stratify CTCs in ways that will allow us to distinguish
indolentmicrometastasis from aggressive CTCs prior to clinically
significant metastasis in pancreatic cancer patients.

CONCLUSION AND FUTURE DIRECTIONS

Literature evaluating the diagnostic and prognostic role of
CTCs in cancer is continuously being reported. Many studies
in different malignancies have shown clear associations of
CTCs with clinical cancer progression. Much of the current
research is now shifting to CTC characterization in order to
select appropriate therapies for individuals based on the gene
signatures of the CTCs and to measure response to therapies.
For example, CTC count now outperforms traditional response
evaluation methods in patients with metastatic castration-
resistant prostate cancer (Onstenk et al., 2016). With reports
estimating the half-life of CTCs to be on the order of hours, their
detection can provide a current representation of the malignancy
(Meng et al., 2004; Stott et al., 2010).

Future investigations should thoroughly explore CTC
response to pancreatic cancer treatments. Furthermore, ex vivo
CTC culture and expansion experiments can improve our
understanding of the mechanisms of dissemination and escape
from dormancy. Single-cell sequencing with next-generation
sequencing platforms is paving the way toward understanding
the genetic makeup of CTCs and the clinical significance of their
genomic alterations (Alix-Panabières and Pantel, 2014). A recent
study in a pancreatic cancer mouse model used single-molecule
RNA sequencing of CTCs to identify Wnt2 as an up-regulated
gene in pancreatic cancer CTCs, which is implicated in cell-
death suppression and cancer dissemination. In addition, the
authors observed the same Wnt2 signaling aberrations in CTCs
of 5/11 patients with metastatic pancreatic cancer (Yu et al.,
2013). Such studies have the potential to improve our current
clinical management, especially ones exploring new drug targets
involved in cancer spread. CTC use as a biomarker is currently
being investigated in over 360 open clinical trials registered on
ClinicalTrials.gov (Alix-Panabières and Pantel, 2014).

Considering that methods have been developed that have
the possibility of being used in the diagnosis, stratification of
patients and monitoring of therapy, next efforts require a focus
on validation of leading methods for aiding clinical care. For the
methods chosen, the validation of the method for certification in
clinical use followed by well-designed studies to show utility of
the method in the clinical setting are necessary for approval of
test for clinical application.
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There are challenges in the pancreatic cancer field for
development of a test that has utility in early diagnosis or choice
of chemotherapy. For example, in the area of early diagnosis,
a population at increased risk is needed to show performance
of the method in detecting pancreatic cancer at an earlier
stage than that achieved with current approaches. Currently, the
Consortium on Chronic Pancreatitis, Diabetes, and Pancreatic
Cancer (CPDPC) in the United States is developing a protocol
for this purpose choosing patients with diabetes after age 50
as the best high risk group to use to identify early diagnostic
biomarkers (http://cpdpc.mdanderson.org). Because about 1% of
these patients will be found to have pancreatic cancer over 3
years after the diagnosis of diabetes, the CPDPC has determined
that the study will require enrollment of 10,000 subjects. At
present, the inclusion of measurement of CTCs is not being
considered because of the technical difficulties involve with CTC
measurements. On the other hand, once a proteomic, ctDNA
and/or RNA technique is developed to identify patients with early
pancreatic cancer, measurements of CTCs can be applied to this
group for further characterization including choice of therapy.

Similarly, it is difficult to apply CTC technology to the
choice of chemotherapy as the current therapies do not have
a significant effect on long term survival. One the other hand,
surgery does have significant effects on long term survival
in a substantial percentage of patients. Thus, it seems that
currently the best situation to develop a validated test for CTC
measurements uses patients who are candidates for curative
surgery. Hypotheses to be tested should focus on the role of
CTCmeasurements in predicting the outcome of curative surgery

and early demonstration of disease recurrence. Certainly, studies
that show performance of CTC measurements in determining
and monitoring outcome in surgical patients will have important
impacts in disease management and are much more feasible than
studies designed for early diagnosis.

Another area of significant importance in the field is the
determination of the biology of CTCs. As these cells represent
the metastatic process which is the key determinant of poor
outcome in pancreatic cancer patients, a better understanding
of the biology of these cells will be central to advancing our
treatments. Are there unique mechanisms in pancreatic cancer
that account for its high rate ofmetastasis? Are there properties of
pancreatic cancer CTCs that account for its resistance to therapy?
Exploring these questions will require advancing the methods
of isolation and propagating these cells so that the biologic
experiments including observing their behavior in cell culture
and animal models can be performed.

AUTHOR CONTRIBUTIONS

SP provided oversight and direction for the development of the
manuscript. MP did literature searches and drafting of a primary
manuscript. ME and RW provided additions and editing for the
manuscript.

FUNDING

Funding was provided in part by NIH grants P01 CA163200 and
U01 DK108314.

REFERENCES

Adams, D. L., Adams, D. K., Stefansson, S., Haudenschild, C., Martin,

S. S., Charpentier, M., et al. (2016). Mitosis in circulating tumor cells

stratifies highly aggressive breast carcinomas. Breast Cancer Res. 18:44.

doi: 10.1186/s13058-016-0706-4

Aktas, B., Tewes, M., Fehm, T., Hauch, S., Kimmig, R., and Kasimir-Bauer, S.

(2009). Stem cell and epithelial-mesenchymal transition markers are frequently

overexpressed in circulating tumor cells of metastatic breast cancer patients.

Breast Cancer Res. 11:R46. doi: 10.1186/bcr2333

Al Ustwani, O., Iancu, D., Yacoub, R., and Iyer, R. (2012). Detection of circulating

tumor cells in cancers of biliary origin. J. Gastrointest. Oncol. 3, 97–104.

doi: 10.3978/j.issn.2078-6891.2011.047

Alix-Panabières, C., and Pantel, K. (2014). Challenges in circulating tumour cell

research. Nat. Rev. Cancer 14, 623–631. doi: 10.1038/nrc3820

Allard, W. J., Matera, J., Miller, M. C., Repollet, M., Connelly, M. C., Rao, C., et al.

(2004). Tumor cells circulate in the peripheral blood of all major carcinomas

but not in healthy subjects or patients with nonmalignant diseases. Clin. Cancer

Res. 10, 6897–6904. doi: 10.1158/1078-0432.CCR-04-0378

Ashworth, T. R. (1869). A case of cancer in which cells similar to those in the

tumors were seen in the blood after death. Aust. Med. J. 14, 146–149.

Bailey, J. M., Alsina, J., Rasheed, Z. A., Mcallister, F. M., Fu, Y.-Y., Plentz, R., et al.

(2014). DCLK1 marks a morphologically distinct subpopulation of cells with

stem cell properties in pre-invasive pancreatic cancer. Gastroenterology 146,

245–256. doi: 10.1053/j.gastro.2013.09.050

Barrière, G., Riouallon, A., Renaudie, J., Tartary, M., and Rigaud, M. (2012).

Mesenchymal and stemness circulating tumor cells in early breast cancer

diagnosis. BMC Cancer 12:114. doi: 10.1186/1471-2407-12-114

Bidard, F. C., Huguet, F., Louvet, C., Mineur, L., Bouche, O., Chibaudel, B., et al.

(2013). Circulating tumor cells in locally advanced pancreatic adenocarcinoma:

the ancillary CirCe 07 study to the LAP 07 trial. Ann. Oncol. 24, 2057–2061.

doi: 10.1093/annonc/mdt176

Bissolati, M., Sandri, M. T., Burtulo, G., Zorzino, L., Balzano, G., and Braga,

M. (2015). Portal vein-circulating tumor cells predict liver metastases

in patients with resectable pancreatic cancer. Tumor Biol. 36, 991–996.

doi: 10.1007/s13277-014-2716-0

Bournet, B., Vignolle-Vidoni, A., Grand, D., Roques, C., Breibach, F., Cros, J., et al.

(2016). Endoscopic ultrasound-guided fine-needle aspiration plus KRAS and

GNAS mutation in malignant intraductal papillary mucinous neoplasm of the

pancreas. Endosc. Int. Open 4, E1228–E1235. doi: 10.1055/s-0042-117216

Burchill, S. A., Bradbury, M. F., Pittman, K., Southgate, J., Smith, B., and

Selby, P. (1995). Detection of epithelial cancer cells in peripheral blood by

reverse transcriptase-polymerase chain reaction. Br. J. Cancer 71, 278–281.

doi: 10.1038/bjc.1995.56

Burris, H. A., Moore, M. J., Andersen, J., Green, M. R., Rothenberg, M.

L., Modiano, M. R., et al. (1997). Improvements in survival and clinical

benefit with gemcitabine as first-line therapy for patients with advanced

pancreas cancer: a randomized trial. J. Clin. Oncol. 15, 2403–2413.

doi: 10.1200/JCO.1997.15.6.2403

Byun, S., Son, S., Amodei, D., Cermak, N., Shaw, J., Kang, J. H., et al. (2013).

Characterizing deformability and surface friction of cancer cells. Proc. Natl.

Acad. Sci. U.S.A. 110, 7580–7585. doi: 10.1073/pnas.1218806110

Cameron, M. D., Schmidt, E. E., Kerkvliet, N., Nadkarni, K. V., Morris, V. L.,

Groom, A. C., et al. (2000). Temporal progression of metastasis in lung: cell

survival, dormancy, and location dependence of metastatic inefficiency. Cancer

Res. 60, 2541–2546. Retrieved from: http://cancerres.aacrjournals.org

Catenacci, D. V. T., Chapman, C. G., Xu, P., Koons, A., Konda, V. J., Siddiqui,

U. D., et al. (2015). Acquisition of portal venous circulating tumor cells

from patients with pancreaticobiliary cancers by endoscopic ultrasound.

Gastroenterology 149, 1794.e4–1803.e4. doi: 10.1053/j.gastro.2015.08.050

Frontiers in Physiology | www.frontiersin.org 10 June 2017 | Volume 8 | Article 381

http://cpdpc.mdanderson.org
https://doi.org/10.1186/s13058-016-0706-4
https://doi.org/10.1186/bcr2333
https://doi.org/10.3978/j.issn.2078-6891.2011.047
https://doi.org/10.1038/nrc3820
https://doi.org/10.1158/1078-0432.CCR-04-0378
https://doi.org/10.1053/j.gastro.2013.09.050
https://doi.org/10.1186/1471-2407-12-114
https://doi.org/10.1093/annonc/mdt176
https://doi.org/10.1007/s13277-014-2716-0
https://doi.org/10.1055/s-0042-117216
https://doi.org/10.1038/bjc.1995.56
https://doi.org/10.1200/JCO.1997.15.6.2403
https://doi.org/10.1073/pnas.1218806110
http://cancerres.aacrjournals.org
https://doi.org/10.1053/j.gastro.2015.08.050
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Pimienta et al. Circulating Tumor Cells in Pancreatic Cancer

Chausovsky, G., Luchansky, M., Figer, A., Shapira, J., Gottfried, M., Novis, B.,

et al. (1999). Expression of cytokeratin 20 in the blood of patients with

disseminated carcinoma of the pancreas, colon, stomach, and lung. Cancer

86, 2398–2405. doi: 10.1002/(SICI)1097-0142(19991201)86:11<2398::AID-

CNCR30>3.0.CO;2-5

Conroy, T., Desseigne, F., Ychou,M., Bouché, O., Guimbaud, R., Bécouarn, Y., et al.

(2011). FOLFIRINOX versus gemcitabine for metastatic pancreatic cancer.

N.Engl. J. Med. 364, 1817–1825. doi: 10.1056/NEJMoa1011923

Cooper, D., Schermer, A., and Sun, T. T. (1985). Classification of human epithelia

and their neoplasms using monoclonal antibodies to keratins: strategies,

applications, and limitations. Lab. Invest. 52, 243–256.

Court, C. M., Ankeny, J. S., Hou, S., Tseng, H.-R., and Tomlinson, J. S. (2015).

Improving pancreatic cancer diagnosis using circulating tumor cells: prospects

for staging and single-cell analysis. Expert Rev. Mol. Diagn. 15, 1491–1504.

doi: 10.1586/14737159.2015.1091311

Dawson, D. W., and Fernandez-Zapico, M. E. (2016). Gemcitabine activates

natural killer cells to attenuate pancreatic cancer recurrence. Gastroenterology.

151, 234–237. doi: 10.1053/j.gastro.2016.06.032

de Albuquerque, A., Kubisch, I., Breier, G., Stamminger, G., Fersis, N., Eichler, A.,

et al. (2012). Multimarker gene analysis of circulating tumor cells in pancreatic

cancer patients: a feasibility study. Oncology 82, 3–10. doi: 10.1159/000335479

Deneve, E., Riethdorf, S., Ramos, J., Nocca, D., Coffy, A., Daures, J.-P., et al.

(2013). Capture of viable circulating tumor cells in the liver of colorectal

cancer patients. Clin. Chem. 59, 1384–1392. doi: 10.1373/clinchem.2013.

202846

Dhamija, S., and Diederichs, S. (2016). From junk to master regulators of invasion:

lncRNA functions in migration, EMT and metastasis. Int. J. Cancer 139,

269–280. doi: 10.1002/ijc.30039

DiMagno, E. P. (1999). Pancreatic cancer: clinical presentation, pitfalls and early

clues.Ann. Oncol. 10(Suppl. 4), 140–142. doi: 10.1093/annonc/10.suppl_4.S140

DiMagno, E. P., Reber, H. A., and Tempero, M. A. (1999). AGA technical

review on the epidemiology, diagnosis, and treatment of pancreatic ductal

adenocarcinoma. American Gastroenterological Association. Gastroenterology

117, 1464–1484. doi: 10.1016/s0016-5085(99)70298-2

Fabbri, F., Carloni, S., Zoli, W., Ulivi, P., Gallerani, G., Fici, P., et al.

(2013). Detection and recovery of circulating colon cancer cells using a

dielectrophoresis-based device: KRAS mutation status in pure CTCs. Cancer

Lett. 335, 225–231. doi: 10.1016/j.canlet.2013.02.015

Farace, F., Massard, C., Vimond, N., Drusch, F., Jacques, N., Billiot, F., et al.

(2011). A direct comparison of CellSearch and ISET for circulating tumour-cell

detection in patients with metastatic carcinomas. Br. J. Cancer 105, 847–853.

doi: 10.1038/bjc.2011.294

Fidler, I. J. (2003). Timeline: the pathogenesis of cancer metastasis: the “seed and

soil” hypothesis revisited. Nat. Rev. Cancer 3, 453–458. doi: 10.1038/nrc1098

Gorges, T. M., Kuske, A., Röck, K., Mauermann, O., Müller, V., Peine, S.,

et al. (2016a). Accession of tumor heterogeneity by multiplex transcriptome

profiling of single circulating tumor cells. Clin. Chem. 62, 1504–1515.

doi: 10.1373/clinchem.2016.260299

Gorges, T. M., Penkalla, N., Schalk, T., Joosse, S. A., Riethdorf, S., Tucholski, J.,

et al. (2016b). Enumeration and molecular characterization of tumor cells in

lung cancer patients using a novel in vivo device for capturing circulating tumor

cells. Clin. Cancer Res. 22, 2197–2206. doi: 10.1158/1078-0432.CCR-15-1416

Han, L., Chen, W., and Zhao, Q. (2014). Prognostic value of circulating tumor cells

in patients with pancreatic cancer: a meta-analysis. Tumor Biol. 35, 2473–2480.

doi: 10.1007/s13277-013-1327-5

Harris, L., Fritsche, H., Mennel, R., Norton, L., Ravdin, P., Taube, S., et al. (2007).

American society of clinical oncology 2007 update of recommendations for

the use of tumor markers in breast cancer. J. Clin. Oncol. 25, 5287–5312.

doi: 10.1200/JCO.2007.14.2364

Hayes, D. F., Cristofanilli, M., Budd, G. T., Ellis, M. J., Stopeck, A., Miller,

M. C., et al. (2006). 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. 12(14 Pt 1), 4218–4224.

doi: 10.1158/1078-0432.CCR-05-2821

Hiraiwa, K., Takeuchi, H., Hasegawa, H., Saikawa, Y., Suda, K., Ando, T.,

et al. (2008). Clinical significance of circulating tumor cells in blood from

patients with gastrointestinal cancers. Ann. Surg. Oncol. 15, 3092–3100.

doi: 10.1245/s10434-008-0122-9

Hofman, V., Ilie, M. I., Long, E., Selva, E., Bonnetaud, C., Molina, T., et al.

(2011). Detection of circulating tumor cells as a prognostic factor in patients

undergoing radical surgery for non-small-cell lung carcinoma: comparison of

the efficacy of the CellSearch AssayTM and the isolation by size of epithelial

tumor cell method. Int. J. Cancer 129, 1651–1660. doi: 10.1002/ijc.25819

Hosokawa, M., Kenmotsu, H., Koh, Y., Yoshino, T., Yoshikawa, T., Naito,

T., et al. (2013). Size-based isolation of circulating tumor cells in lung

cancer patients using a microcavity array system. PLoS ONE 8:e67466.

doi: 10.1371/journal.pone.0067466

Hou, H. W., Warkiani, M. E., Khoo, B. L., Li, Z. R., Soo, R. A., Tan, D. S.-W., et al.

(2013). Isolation and retrieval of circulating tumor cells using centrifugal forces.

Sci. Rep. 3:1259. doi: 10.1038/srep01259

Hou, J.-M., Krebs, M., Ward, T., Sloane, R., Priest, L., Hughes, A., et al. (2011).

Circulating tumor cells as a window on metastasis biology in lung cancer. Am.

J. Pathol. 178, 989–996. doi: 10.1016/j.ajpath.2010.12.003

Hu, B., Rochefort, H., and Goldkorn, A. (2013). Circulating tumor cells in prostate

cancer. Cancers 5, 1676–1690. doi: 10.3390/cancers5041676

Ilie, M., Hofman, V., Long-Mira, E., Selva, E., Vignaud, J.-M., Padovani, B., et al.

(2014). “Sentinel” circulating tumor cells allow early diagnosis of lung cancer

in patients with chronic obstructive pulmonary disease. PLoS ONE 9:e111597.

doi: 10.1371/journal.pone.0111597

Jiao, L. R., Apostolopoulos, C., Jacob, J., Szydlo, R., Johnson, N., Tsim, N., et al.

(2009). Unique localization of circulating tumor cells in patients with hepatic

metastases. J. Clin. Oncol. 27, 6160–6165. doi: 10.1200/JCO.2009.24.5837

Joosse, S. A., and Pantel, K. (2013). Biologic challenges in the detection of

circulating tumor cells. Cancer Res. 73, 8–11. doi: 10.1158/0008-5472.CAN-1

2-3422

Khoja, L., Backen, A., Sloane, R., Menasce, L., Ryder, D., Krebs, M., et al. (2012).

A pilot study to explore circulating tumour cells in pancreatic cancer as a novel

biomarker. Br. J. Cancer 106, 508–516. doi: 10.1038/bjc.2011.545

Kong, D., Li, Y., Wang, Z., and Sarkar, F. H. (2011). Cancer stem cells and

epithelial-to-mesenchymal transition (EMT)-phenotypic cells: are they cousins

or twins? Cancers 3, 716–729. doi: 10.3390/cancers30100716

Koop, S., MacDonald, I. C., Luzzi, K., Schmidt, E. E., Morris, V. L., Grattan, M.,

et al. (1995). Fate of melanoma cells entering the microcirculation: over 80%

survive and extravasate. Cancer Res. 55, 2520–2523.

Koop, S., Schmidt, E. E., Macdonald, I. C., Morris, V. L., Khokha, R., GRATTANt,

M., et al. (1996). Independence of metastatic ability and extravasation:

metastatic ras-transformed and control fibroblasts extravasate equally well

(metastasis/invasion/in vivo videomicroscopy).Med. Sci. 93, 11080–11084.

Krebs, M. G., Metcalf, R. L., Carter, L., Brady, G., Blackhall, F. H., and

Dive, C. (2014). Molecular analysis of circulating tumour cells—biology

and biomarkers. Nat. Rev. Clin. Oncol. 11, 129–144. doi: 10.1038/nrclinonc.

2013.253

Kuboki, Y., Matsusaka, S., Minowa, S., Shibata, H., Suenaga, M., Shinozaki, E.,

et al. (2013). Circulating tumor cell (CTC) count and epithelial growth factor

receptor expression on CTCs as biomarkers for cetuximab efficacy in advanced

colorectal cancer. Anticancer Res. 33, 3905–3910. Retrieved from: http://ar.

iiarjournals.org

Kulemann, B., Pitman, M. B., Liss, A. S., Valsangkar, N., Fernández-del

Castillo, C., Lillemoe, K. D., et al. (2015). Circulating tumor cells found in

patients with localized and advanced pancreatic cancer. Pancreas 44, 547–550.

doi: 10.1097/MPA.0000000000000324

Kurihara, T., Itoi, T., Sofuni, A., Itokawa, F., Tsuchiya, T., Tsuji, S., et al.

(2008). Detection of circulating tumor cells in patients with pancreatic

cancer: a preliminary result. J. Hepatobiliary. Pancreat. Surg. 15, 189–195.

doi: 10.1007/s00534-007-1250-5

Kuroki, T., and Eguchi, S. (2017). No-touch isolation techniques for pancreatic

cancer. Surg. Today 47, 8–13. doi: 10.1007/s00595-016-1317-5

Lane, E. B., and Alexander, C. M. (1990). Use of keratin antibodies in tumor

diagnosis. Semin. Cancer Biol. 1, 165–179.

Lapin, M., Tjensvoll, K., Oltedal, S., Buhl, T., Gilje, B., Smaaland, R., et al. (2016).

MINDEC-an enhanced negative depletion strategy for circulating tumour cell

enrichment. Sci. Rep. 6:28929. doi: 10.1038/srep2892955.

Lara, O., Tong, X., Zborowski, M., and Chalmers, J. J. (2004). Enrichment

of rare cancer cells through depletion of normal cells using density and

flow-through, immunomagnetic cell separation. Exp. Hematol. 32, 891–904.

doi: 10.1016/j.exphem.2004.07.007

Frontiers in Physiology | www.frontiersin.org 11 June 2017 | Volume 8 | Article 381

https://doi.org/10.1002/(SICI)1097-0142(19991201)86:11<2398::AID-CNCR30>3.0.CO;2-5
https://doi.org/10.1056/NEJMoa1011923
https://doi.org/10.1586/14737159.2015.1091311
https://doi.org/10.1053/j.gastro.2016.06.032
https://doi.org/10.1159/000335479
https://doi.org/10.1373/clinchem.2013.202846
https://doi.org/10.1002/ijc.30039
https://doi.org/10.1093/annonc/10.suppl_4.S140
https://doi.org/10.1016/s0016-5085(99)70298-2
https://doi.org/10.1016/j.canlet.2013.02.015
https://doi.org/10.1038/bjc.2011.294
https://doi.org/10.1038/nrc1098
https://doi.org/10.1373/clinchem.2016.260299
https://doi.org/10.1158/1078-0432.CCR-15-1416
https://doi.org/10.1007/s13277-013-1327-5
https://doi.org/10.1200/JCO.2007.14.2364
https://doi.org/10.1158/1078-0432.CCR-05-2821
https://doi.org/10.1245/s10434-008-0122-9
https://doi.org/10.1002/ijc.25819
https://doi.org/10.1371/journal.pone.0067466
https://doi.org/10.1038/srep01259
https://doi.org/10.1016/j.ajpath.2010.12.003
https://doi.org/10.3390/cancers5041676
https://doi.org/10.1371/journal.pone.0111597
https://doi.org/10.1200/JCO.2009.24.5837
https://doi.org/10.1158/0008-5472.CAN-12-3422
https://doi.org/10.1038/bjc.2011.545
https://doi.org/10.3390/cancers30100716
https://doi.org/10.1038/nrclinonc.2013.253
http://ar.iiarjournals.org
http://ar.iiarjournals.org
https://doi.org/10.1097/MPA.0000000000000324
https://doi.org/10.1007/s00534-007-1250-5
https://doi.org/10.1007/s00595-016-1317-5
https://doi.org/10.1038/srep2892955.
https://doi.org/10.1016/j.exphem.2004.07.007
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Pimienta et al. Circulating Tumor Cells in Pancreatic Cancer

Leber, M. F., and Efferth, T. (2009). Molecular principles of cancer invasion and

metastasis (review). Int. J. Oncol. 34, 881–895. doi: 10.3892/ijo_00000214

Lu, X., Mu, E., Wei, Y., Riethdorf, S., Yang, Q., Yuan, M., et al. (2011). VCAM-

1 Promotes osteolytic expansion of indolent bone micrometastasis of breast

cancer by engaging α4β1-positive osteoclast progenitors. Cancer Cell 20,

701–714. doi: 10.1016/j.ccr.2011.11.002

Lustberg, M., Jatana, K. R., Zborowski, M., and Chalmers, J. J. (2012). Emerging

technologies for CTC detection based on depletion of normal cells. Recent

Results in Cancer Research. Fortschritte Der Krebsforschung. Prog. Dans

Recher. Cancer 195, 97–110. doi: 10.1007/978-3-642-28160-0_9

Luzzi, K. J., MacDonald, I. C., Schmidt, E. E., Kerkvliet, N., Morris, V. L.,

Chambers, A. F., et al. (1998). Multistep nature of metastatic inefficiency. Am.

J. Pathol. 153, 865–873. doi: 10.1016/S0002-9440(10)65628-3

Maetzel, D., Denzel, S., Mack, B., Canis, M., Went, P., Benk, M., et al. (2009).

Nuclear signalling by tumour-associated antigen EpCAM. Nat. Cell Biol. 11,

162–171. doi: 10.1038/ncb1824

Meng, S., Tripathy, D., Frenkel, E. P., Shete, S., Naftalis, E. Z., Huth, J. F., et al.

(2004). Circulating tumor cells in patients with breast cancer dormancy. Clin.

Cancer Res. 10, 8152–8162. doi: 10.1158/1078-0432.CCR-04-1110

Miller, M. C., Doyle, G. V., and Terstappen, L. W. M. M. (2010). Significance

of circulating tumor cells detected by the cellsearch system in patients

with metastatic breast colorectal and prostate cancer. J. Oncol. 2010:617421.

doi: 10.1155/2010/617421

Moore, M. J., Goldstein, D., Hamm, J., Figer, A., Hecht, J. R., Gallinger, S.,

et al. (2007). Erlotinib plus gemcitabine compared with gemcitabine alone in

patients with advanced pancreatic cancer: a phase III Trial of the National

Cancer Institute of Canada Clinical Trials Group. J. Clin. Oncol. 25, 1960–1966.

doi: 10.1200/JCO.2006.07.9525

Müller, V., Stahmann, N., Riethdorf, S., Rau, T., Zabel, T., Goetz, A.,

et al. (2005). Circulating tumor cells in breast cancer: correlation to

bone marrow micrometastases, heterogeneous response to systemic

therapy and low proliferative activity. Clin. Cancer Res. 11, 3678–3685.

doi: 10.1158/1078-0432.CCR-04-2469

Nagrath, S., Jack, R. M., Sahai, V., and Simeone, D. M. (2016). Opportunities

and challenges for pancreatic circulating tumor cells. Gastroenterology 151,

412–426. doi: 10.1053/j.gastro.2016.05.052

Nagrath, S., Sequist, L. V., Maheswaran, S., Bell, D. W., Irimia, D., Ulkus, L., et al.

(2007). Isolation of rare circulating tumour cells in cancer patients bymicrochip

technology. Nature 450, 1235–1239. doi: 10.1038/nature06385

Nakanishi, Y., Seno, H., Fukuoka, A., Ueo, T., Yamaga, Y., Maruno, T., et al. (2012).

Dclk1 distinguishes between tumor and normal stem cells in the intestine. Nat.

Genet. 45, 98–103. doi: 10.1038/ng.2481

Onstenk, W., de Klaver, W., de Wit, R., Lolkema, M., Foekens, J., and Sleijfer, S.

(2016). The use of circulating tumor cells in guiding treatment decisions for

patients with metastatic castration-resistant prostate cancer. Cancer Treat. Rev.

46, 42–50. doi: 10.1016/j.ctrv.2016.04.001

Ozkumur, E., Shah, A. M., Ciciliano, J. C., Emmink, B. L., Miyamoto, D. T.,

Brachtel, E., et al. (2013). Inertial focusing for tumor antigen-dependent and -

independent sorting of rare circulating tumor cells. Sci. Transl. Med. 5, 179ra47.

doi: 10.1126/scitranslmed.3005616

Pandol, S., Edderkaoui, M., Gukovsky, I., Lugea, A., and Gukovskaya, A.

(2009). Desmoplasia of pancreatic ductal adenocarcinoma. Clin. Gastroenterol.

Hepatol. 7, S44–S47. doi: 10.1016/j.cgh.2009.07.039

Pantel, K., and Alix-Panabieres, C. (2013). Real-time liquid biopsy

in cancer patients: fact or fiction? Cancer Res. 73, 6384–6388.

doi: 10.1158/0008-5472.CAN-13-2030

Papadaki, M. A., Kallergi, G., Zafeiriou, Z., Manouras, L., Theodoropoulos, P.

A., Mavroudis, D., et al. (2014). Co-expression of putative stemness and

epithelial-to-mesenchymal transition markers on single circulating tumour

cells from patients with early and metastatic breast cancer. BMC Cancer 14:651.

doi: 10.1186/1471-2407-14-651

Park, E. S., Jin, C., Guo, Q., Ang, R. R., Duffy, S. P., Matthews, K., et al. (2016).

Continuous flow deformability-based separation of circulating tumor cells

using microfluidic ratchets. Small 12, 1909–1919. doi: 10.1002/smll.201503639

Poruk, K. E., Valero, V., Saunders, T., Blackford, A. L., Griffin, J. F., Poling,

J., et al. (2016). Circulating tumor cell phenotype predicts recurrence

and survival in pancreatic adenocarcinoma. Ann. Surg. 264, 1073–1081.

doi: 10.1097/SLA.0000000000001600

Qu, D., Johnson, J., Chandrakesan, P., Weygant, N., May, R., Aiello, N., et al.

(2015). Doublecortin-like kinase 1 is elevated serologically in pancreatic ductal

adenocarcinoma and widely expressed on circulating tumor cells. PLoS ONE

10:e0118933. doi: 10.1371/journal.pone.0118933

Rahib, L., Smith, B. D., Aizenberg, R., Rosenzweig, A. B., Fleshman, J. M., and

Matrisian, L. M. (2014). Projecting cancer incidence and deaths to 2030: the

unexpected burden of thyroid, liver, and pancreas cancers in the United States.

Cancer Res. 74, 2913–2921. doi: 10.1158/0008-5472.CAN-14-0155

Raimondi, C., Gradilone, A., Naso, G., Vincenzi, B., Petracca, A., Nicolazzo,

C., et al. (2011). Epithelial-mesenchymal transition and stemness features in

circulating tumor cells from breast cancer patients. Breast Cancer Res. Treat.

130, 449–455. doi: 10.1007/s10549-011-1373-x

Rhim, A. D., Mirek, E. T., Aiello, N. M., Maitra, A., Bailey, J. M., McAllister, F.,

et al. (2012). EMT and dissemination precede pancreatic tumor formation. Cell

148, 349–361. doi: 10.1016/j.cell.2011.11.025

Riethdorf, S., Fritsche, H., Muller, V., Rau, T., Schindlbeck, C., Rack, B., et al.

(2007). Detection of circulating tumor cells in peripheral blood of patients

with metastatic breast cancer: a validation study of the cellsearch system. Clin.

Cancer Res. 13, 920–928. doi: 10.1158/1078-0432.CCR-06-1695

Ryan, D. P., Hong, T. S., and Bardeesy, N. (2014). Pancreatic adenocarcinoma.

N.Engl. J. Med. 371, 1039–1049. doi: 10.1056/NEJMra1404198

Sastre, J., Maestro, M. L., Puente, J., Veganzones, S., Alfonso, R., Rafael,

S., et al. (2008). Circulating tumor cells in colorectal cancer: correlation

with clinical and pathological variables. Ann. Oncol. 19, 935–938.

doi: 10.1093/annonc/mdm583

Scherag, F. D., Niestroj-Pahl, R., Krusekopf, S., Lücke, K., Brandstetter, T.,

and Rühe, J. (2017). Highly selective capture surfaces on medical wires

for fishing tumor cells in whole blood. Anal. Chem. 89, 1846–1854.

doi: 10.1021/acs.analchem.6b04219

Soeth, E., Grigoleit, U., Moellmann, B., Röder, C., Schniewind, B., Kremer, B., et al.

(2005). Detection of tumor cell dissemination in pancreatic ductal carcinoma

patients by CK 20 RT-PCR indicates poor survival. J. Cancer Res. Clin. Oncol.

131, 669–676. doi: 10.1007/s00432-005-0008-1

Spano, D., Heck, C., De Antonellis, P., Christofori, G., and Zollo, M. (2012).

Molecular networks that regulate cancer metastasis. Semin. Cancer Biol. 22,

234–249. doi: 10.1016/j.semcancer.2012.03.006

Speicher, M. R., and Pantel, K. (2014). Tumor signatures in

the blood. Nat. Biotechnol. 32, 441–443. doi: 10.1038/nbt.

2897

Stott, S. L., Lee, R. J., Nagrath, S., Yu, M., Miyamoto, D. T., Ulkus, L., et al.

(2010). Isolation and characterization of circulating tumor cells from patients

with localized and metastatic prostate cancer. Sci. Transl. Med. 2, 25ra23.

doi: 10.1126/scitranslmed.3000403

Talasaz, A. H., Powell, A. A., Huber, D. E., Berbee, J. G., Roh, K.-H.,

Yu, W., et al. (2009). Isolating highly enriched populations of circulating

epithelial cells and other rare cells from blood using a magnetic sweeper

device. Proc. Natl. Acad. Sci. U.S.A. 106, 3970–3975. doi: 10.1073/pnas.08131

88106

Ting, D. T., Wittner, B. S., Ligorio, M., Vincent Jordan, N., Shah, A. M., Miyamoto,

D. T., et al. (2014). Single-cell RNA sequencing identifies extracellular matrix

gene expression by pancreatic circulating tumor cells. Cell Rep. 8, 1905–1918.

doi: 10.1016/j.celrep.2014.08.029

Tsai, W.-S., Chen, J.-S., Shao, H.-J., Wu, J.-C., Lai, J.-M., Lu, S.-H., et al. (2016).

Circulating tumor cell count correlates with colorectal neoplasm progression

and is a prognostic marker for distant metastasis in non-metastatic patients.

Sci. Rep. 6:24517. doi: 10.1038/srep24517

Tsujiura, M., Ichikawa, D., Konishi, H., Komatsu, S., Shiozaki, A., and Otsuji,

E. (2014). Liquid biopsy of gastric cancer patients: circulating tumor

cells and cell-free nucleic acids. World J. Gastroenterol. 20, 3265–3286.

doi: 10.3748/wjg.v20.i12.3265

Uchikura, K., Takao, S., Nakajo, A., Miyazono, F., Nakashima, S., Tokuda, K.,

et al. (2002). Intraoperative molecular detection of circulating tumor cells

by reverse transcription-polymerase chain reaction in patients with biliary-

pancreatic cancer is associated with hematogenous metastasis. Ann. Surg.

Oncol. 9, 364–370. doi: 10.1007/BF02573871

Vlems, F. A., Diepstra, J. H. S., Cornelissen, I. M. H. A., Ruers, T. J. M., Ligtenberg,

M. J. L., Punt, C. J. A., et al. (2002). Limitations of cytokeratin 20 RT-PCR to

detect disseminated tumour cells in blood and bone marrow of patients with

Frontiers in Physiology | www.frontiersin.org 12 June 2017 | Volume 8 | Article 381

https://doi.org/10.3892/ijo_00000214
https://doi.org/10.1016/j.ccr.2011.11.002
https://doi.org/10.1007/978-3-642-28160-0_9
https://doi.org/10.1016/S0002-9440(10)65628-3
https://doi.org/10.1038/ncb1824
https://doi.org/10.1158/1078-0432.CCR-04-1110
https://doi.org/10.1155/2010/617421
https://doi.org/10.1200/JCO.2006.07.9525
https://doi.org/10.1158/1078-0432.CCR-04-2469
https://doi.org/10.1053/j.gastro.2016.05.052
https://doi.org/10.1038/nature06385
https://doi.org/10.1038/ng.2481
https://doi.org/10.1016/j.ctrv.2016.04.001
https://doi.org/10.1126/scitranslmed.3005616
https://doi.org/10.1016/j.cgh.2009.07.039
https://doi.org/10.1158/0008-5472.CAN-13-2030
https://doi.org/10.1186/1471-2407-14-651
https://doi.org/10.1002/smll.201503639
https://doi.org/10.1097/SLA.0000000000001600
https://doi.org/10.1371/journal.pone.0118933
https://doi.org/10.1158/0008-5472.CAN-14-0155
https://doi.org/10.1007/s10549-011-1373-x
https://doi.org/10.1016/j.cell.2011.11.025
https://doi.org/10.1158/1078-0432.CCR-06-1695
https://doi.org/10.1056/NEJMra1404198
https://doi.org/10.1093/annonc/mdm583
https://doi.org/10.1021/acs.analchem.6b04219
https://doi.org/10.1007/s00432-005-0008-1
https://doi.org/10.1016/j.semcancer.2012.03.006
https://doi.org/10.1038/nbt.2897
https://doi.org/10.1126/scitranslmed.3000403
https://doi.org/10.1073/pnas.0813188106
https://doi.org/10.1016/j.celrep.2014.08.029
https://doi.org/10.1038/srep24517
https://doi.org/10.3748/wjg.v20.i12.3265
https://doi.org/10.1007/BF02573871
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Pimienta et al. Circulating Tumor Cells in Pancreatic Cancer

colorectal cancer: expression in controls and downregulation in tumour tissue.

Mol. Pathol. 55, 156–163. doi: 10.1136/mp.55.3.156

Von Hoff, D. D., Ervin, T., Arena, F. P., Chiorean, E. G., Infante, J., Moore, M.,

et al. (2013). Increased survival in pancreatic cancer with nab-paclitaxel plus

gemcitabine. N.Engl. J. Med. 369, 1691–1703. doi: 10.1056/NEJMoa1304369

Vona, G., Estepa, L., Béroud, C., Damotte, D., Capron, F., Nalpas, B., et al. (2004).

Impact of cytomorphological detection of circulating tumor cells in patients

with liver cancer. Hepatology 39, 792–797. doi: 10.1002/hep.20091

Vona, G., Sabile, A., Louha, M., Sitruk, V., Romana, S., Schütze, K., et al.

(2000). Isolation by size of epithelial tumor cells. Am. J. Pathol. 156, 57–63.

doi: 10.1016/S0002-9440(10)64706-2

Waxman, I., Koons, A., Konda, V. J., Siddiqui, U. D., Gelrud, A., Xu, P.,

et al. (2014). Detection of Portal Vein (PV) Circulating Tumor Cells

(CTCs) in Pancreatic Cancer (PC) patients obtained by EUS guided Pv

sampling. a safety and feasibility trial. Gastrointest. Endosc. 79, AB173–AB174.

doi: 10.1016/j.gie.2014.02.187

Weissenstein, U., Schumann, A., Reif, M., Link, S., Toffol-Schmidt, U. D., and

Heusser, P. (2012). Detection of circulating tumor cells in blood of metastatic

breast cancer patients using a combination of cytokeratin and EpCAM

antibodies. BMC Cancer 12:206. doi: 10.1186/1471-2407-12-206

Xu, Y., Qin, T., Li, J., Wang, X., Gao, C., Xu, C., et al. (2017). Detection of

circulating tumor cells using negative enrichment immunofluorescence and

an in situ hybridization system in pancreatic cancer. Int. J. Mol. Sci. 18:622.

doi: 10.3390/ijms18040622

Yang, M.-H., Imrali, A., and Heeschen, C. (2015). Circulating cancer

stem cells: the importance to select. Chin. J. Cancer Res. 27, 437–449.

doi: 10.3978/j.issn.1000-9604.2015.04.08

Yokobori, T., Iinuma, H., Shimamura, T., Imoto, S., Sugimachi, K., Ishii, H.,

et al. (2013). Plastin3 is a novel marker for circulating tumor cells undergoing

the epithelial-mesenchymal transition and is associated with colorectal cancer

prognosis. Cancer Res. 73, 2059–2069. doi: 10.1158/0008-5472.CAN-12-0326

Yoo, C. E., Park, J.-M., Moon, H.-S., Joung, J.-G., Son, D.-S., Jeon, H.-J.,

et al. (2016). Vertical magnetic separation of circulating tumor cells for

somatic genomic-alteration analysis in lung cancer patients. Sci. Rep. 6:37392.

doi: 10.1038/srep37392

Yu, M., Bardia, A., Wittner, B. S., Stott, S. L., Smas, M. E., Ting, D. T., et al.

(2013). Circulating breast tumor cells exhibit dynamic changes in epithelial

and mesenchymal composition. Science 339, 580–584. doi: 10.1126/science.

1228522

Yu, M., Stott, S., Toner, M., Maheswaran, S., and Haber, D. A. (2011). Circulating

tumor cells: approaches to isolation and characterization. J. Cell Biol. 192,

373–382. doi: 10.1083/jcb.201010021

Zhang, W., Bao, L., Yang, S., Qian, Z., Dong, M., Yin, L., et al. (2016). Tumor-

selective replication herpes simplex virus-based technology significantly

improves clinical detection and prognostication of viable circulating tumor

cells. Oncotarget 7, 39768–39783. doi: 10.18632/oncotarget.9465

Zhang, Y., Wang, F., Ning, N., Chen, Q., Yang, Z., Guo, Y., et al. (2015). Patterns of

circulating tumor cells identified by CEP8, CK and CD45 in pancreatic cancer.

Int. J. Cancer 136, 1228–1233. doi: 10.1002/ijc.29070

Zhang, Z., Shiratsuchi, H., Lin, J., Chen, G., Reddy, R. M., Azizi, E., et al. (2014).

Expansion of CTCs from early stage lung cancer patients using a microfluidic

co-culture model. Oncotarget 5, 12383–12397. doi: 10.18632/oncotarget.2592

Zhau, H. E., He, H., Wang, C. Y., Zayzafoon, M., Morrissey, C., Vessella, R.

L., et al. (2011). Human prostate cancer harbors the stem cell properties

of bone marrow mesenchymal stem cells. Clin. Cancer Res. 17, 2159–2169.

doi: 10.1158/1078-0432.CCR-10-2523

Zhe, X., Cher, M. L., and Bonfil, R. D. (2011). Circulating tumor cells: finding the

needle in the haystack. Am. J. Cancer Res. 1, 740–751. Retrieved from: http://

www.ajcr.us

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

The reviewer RJ and handling Editor declared their shared affiliation, and

the handling Editor states that the process nevertheless met the standards of a fair

and objective review.

Copyright © 2017 Pimienta, Edderkaoui, Wang and Pandol. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 13 June 2017 | Volume 8 | Article 381

https://doi.org/10.1136/mp.55.3.156
https://doi.org/10.1056/NEJMoa1304369
https://doi.org/10.1002/hep.20091
https://doi.org/10.1016/S0002-9440(10)64706-2
https://doi.org/10.1016/j.gie.2014.02.187
https://doi.org/10.1186/1471-2407-12-206
https://doi.org/10.3390/ijms18040622
https://doi.org/10.3978/j.issn.1000-9604.2015.04.08
https://doi.org/10.1158/0008-5472.CAN-12-0326
https://doi.org/10.1038/srep37392
https://doi.org/10.1126/science.1228522
https://doi.org/10.1083/jcb.201010021
https://doi.org/10.18632/oncotarget.9465
https://doi.org/10.1002/ijc.29070
https://doi.org/10.18632/oncotarget.2592
https://doi.org/10.1158/1078-0432.CCR-10-2523
http://www.ajcr.us
http://www.ajcr.us
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

	The Potential for Circulating Tumor Cells in Pancreatic Cancer Management
	Introduction
	CTCs in Modern Cancer Research
	CTC Enrichment and Detection
	CTCs in Pancreatic Cancer Diagnosis
	CTCs in Metastasis and Early Cancer
	Challenges
	Conclusion and Future Directions
	Author Contributions
	Funding
	References




