
Circulating tumor markers: harmonizing the yin and
yang of CTCs and ctDNA for precision medicine
I. S. Batth1, A. Mitra1, S. Manier2, I. M. Ghobrial2, D. Menter3, S. Kopetz3 & S. Li1*
1Department of Pediatrics – Research, The University of Texas MD Anderson Cancer Center, Houston; 2Department of Medical Oncology, Dana-Farber Cancer
Institute, Harvard Medical School, Boston; 3Department of Gastrointestinal (GI) Medical Oncology, The University of Texas MD Anderson Cancer Center, Houston, USA

Current trajectory of clinical care is heading in the direction of personalized medicine. In an ideal scenario, clinicians can
obtain extensive diagnostic and prognostic information via minimally-invasive assays. Information available in the peripheral
blood has the potential to bring us closer to this goal. In this review we highlight the contributions of circulating tumor cells
and circulating tumor DNA and RNA (ctDNA/ctRNA) towards cancer therapeutic field. We discuss clinical relevance, sum-
marize available and upcoming technologies, and hypothesize how future care could be impacted by a combined study.
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introduction
To date, significant progress has been made in cancer research
towards identifying prominent targets for treatments, yet there is
no universal cure that can significantly reduce or eliminate can-
cer. Using any treatment only functions to select for unaffected/
resistant tumor cells due to genetic heterogeneity. Tumor biop-
sies can provide valuable information. However, this approach
has many drawbacks such as its invasiveness and inability to cap-
ture all the variability in gene expression. Since the primary cause
of cancer mortality is metastasis, effectiveness of any therapy can
only be measured by the ability to prevent or delay this event. To
achieve these goals, accurate, early detection of tumor status is
key.
Liquid biopsies rely on screening the peripheral blood by col-

lecting circulating tumor cells (CTCs), and/or circulating tumor
DNA and RNA (ctDNA/RNA). The discovery of unique cancer
cells’ protein (from CTCs), or oncogenic mutations and epigen-
etic change (from CTC or ctDNA/RNA) can potentially help
nullify and counteract the most potent weapon in cancer’s ar-
senal: its genetic evolution to adapt to any treatment. In this re-
view we discuss the importance of studying CTCs and ctDNA/
RNA and their impact on clinical care. Overall, we argue for a
more prominent use of liquid biopsies for screening CTCs and
ctDNA/RNA as means of determining tumor progression and
providing personalized therapy.
One of these six fundamental properties of cancers includes

tissue invasion and metastasis [1]. Tissue invasion involves a
subpopulation of primary cancer cells acquiring new abilities by
undergoing a change known as epithelial-to-mesenchymal tran-
sition (EMT). The phenotypic result of EMT is increasedmotility

and invasiveness potential, among others. As such, these cells
will invade through the tissue surrounding their site of origin
until they enter the blood or the lymphatic system, though not all
CTCs are mesenchymal and don’t always invade and enter circu-
lation due to EMT [2, 3]. CTCs are ambassadors of a localized
disease and may remain dormant at metastatic sites and become
activated at a later time, resulting in relapse. Captured CTCs can
reveal the genetic signature associated with these traits.
The fluctuating levels of ctDNA/RNA can be based on mul-

tiple factors including tumor type, progression, therapeutic ef-
fect, and metastatic spread [4]. Early ctDNA detection has been
found to have a strong correlation with the onset of tumor recur-
rence and metastasis [5]. This is most likely due to the ability to
detect rising levels of ctDNA, coupled with the detection of
tumorigenic mutations in susceptible genes [6]. Screening for
such mutations has been helpful in predicting and adjusting to
chemotherapeutic resistance [7]. Moving forward, we can expect
to see a more prevalent role of ctDNA in clinical care. ctRNA can
exist in forms such as miRNAs and long non-coding RNA
(lncRNA) and can be free floating, carried by platelets (called
tumor educated platelets—TEP), or encased in exosomes [8].
Similarly to ctDNA, ctRNA has been collected from peripheral
blood for the purpose of understanding the tumor status. The
majority of research regarding ctRNA has been focused on
microRNAs (miRNAs or miRs) found in the blood as markers of
early detection of multiple tumor types including breast, pros-
tate, colorectal, and NSCLC [9–12]. For the study of tumor me-
tastasis from liquid biopsies, the lncRNA also comes into play,
mainly in terms of detecting metastasis and relapse. RNA levels
and specific gene transcripts found in the plasma also correlate
with tumor aggressiveness [13, 14].
With the information gleaned from CTCs and ctDNA/RNA,

we can gain a real-time understanding of the changes that the
tumor is undergoing, in the form of CTC numbers, CTC gene
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expression, possible activating mutations in ctDNA, detection of
tumor-promoting miRNA, as well as RNA transcripts captured
from the circulation. An illustration of the source and factors
contained with a liquid biopsy is shown (Figure 1).

CTC detection
The basic goal of CTC isolation is to accurately and precisely dis-
criminate between CTCs and various types of cells in the blood.
The technological progress towards refining CTC isolation has
been primarily driven by a binary approach of antibody-based or
size-dependent principles, with many methods relying onmicro-
fluidics to achieve their goals.
CTCs are extremely rare and heterogeneous and generally ac-

count for 1–10 cells per 10 ml of blood. The scarcity of these cells
presents an inherent technological challenge that has been ap-
proached inmultiple forms. For antibody based selection, the ideal
marker is a CTC-associated protein that is not observed on any
other type of circulating cells; a marker akin to CD45 for immune
cells. The most prominent of antibody-based approach relies on
epithelial cell adhesion molecule (EpCAM) [15]. The EpCAM-
based CTC isolation has garnered widespread attention and a
technology based on this protein and subsequent staining and val-
idation with cytokeratin (CK; positive) and CD45 (negative) has
been developed (CellSearch, Veridex, Raritan, NJ). The FDA ap-
proval of CellSearch system has led to its proliferative use and sets
the benchmark for other CTC isolation technologies.
However, there are fundamental questions about CellSearch

technology that have caused many to question the reliability of
this test [16]. Both EpCAM and CKs are epithelial markers
which are lost after EMT. Therefore, any technology relying on
EpCAM for CTC detection is most likely blind against transi-
tioned cells. To address the shortcomings of EpCAM, Plastin3
was identified as a metastasis-specific marker in colorectal can-
cer (CRC) and breast cancer patients [17–19]. One of the tech-
nologies developed by our lab relies on the universally-accepted
mesenchymal marker vimentin [20]. This approach relies on the

detection of cell surface vimentin (CSV) to isolate CTCs from
any type of tumor.
Numerous studies have found CellSearch as a viable prognos-

tic test for overt metastasis, progression-free survival (PFS) and
overall survival (OS) in multiple cancers [21–24]. Other isolation
techniques claim faster sample processing, better screening
using multiple approaches/targets. These and other methods
of isolating CTCs are summarized below (Figure 2 and Table 1).

CTC clinical utility
Multiple clinical trials testing for the strength of CTC counts as a
predictor of OS, and PFS have been conducted in various types
of tissues. A prospective analysis of 302 non-metastatic, chemo-
naive breast cancer patients at stages 1–3 found decreased PFS
and OS in 73 patients with detectable (1 or more) CTCs com-
pared with none [56]. Further, the prognosis for PFS and OS was
progressively reduced in patients with � 2 CTCs, and � 3 CTCs
when each of these groups were compared with 0 CTC patients.
Although these findings support the prognostic potential of
CTCs, the investigators failed to find a correlation between CTC
counts and pathological lymph-node status. This may be result
of small sample size since most of the CTC-positive patients
were node negative and estrogen/progesterone receptor positive.
In a 118-patient study, CTC detection prior to or after neoadju-
vant chemotherapy was an independent prognostic factor of
metastatic relapse [57]. Although CTC detection or changes
were not observed to be a measure of pathological response.
Also, changes in CTC during chemotherapy were not a reliable
measure of distant metastasis. In patients with inflammatory
breast cancer at stage III of disease progression, CTC counts
were found to be viable predictors of disease relapse [58].
The same study also reports that CTCs are not indicators of
tumor characteristics, lymph node positivity, therapeutic re-
sponse, or OS.
The SWOG S0500 study of �600 metastatic breast cancer pa-

tients confirmed that CTC counts have strong prognostic value

Cancer patient
blood sample to
analyze biomarkers

Shedding of CTCs, ctDNAs,
cmiRNAs and exosomes from
primary tumor site

Tumor microenvironment
Metatstasis/relpase
in different organs

Figure 1. Multitude of factors secreted in the circulatory system with the sustained growth of a primary/localized tumor. These can include invasive cells that
become CTCs and exosomal and ctDNA/RNA. The CTCs can attach at distant sites and form secondary lesions. A liquid biopsy, obtained from a simple
blood draw may help predict such an event though changes in CTCs and ctDNA levels and their genetic and epigenetic constitution.
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for OS [59, 60]. However, in patients with baseline and persistent
counts of �5 CTCs there was no benefit between maintaining
their initial therapy or changing to an alternate. Although these
results suggest reduced power of CTC guided therapy, it may
also be attributed to the alternate therapy the patients were pre-
scribed. In the large study of over 2000 early breast cancer pa-
tients, the presence of �1 CTC per 30ml of blood before
beginning treatment was a statistically significant indicator of
disease free survival (DFS), OS, and distant DFS [61]. The hazard
ratio (HR) of 1 CTC per 30ml blood for DFS increased from 2.11
to 4.51 if the CTC count increased to�5 CTC. Similarly, HR for
OS increased from 2.18 to 3.60 between CTC counts of �1 and
�5. Interestingly, neither the SWOG nor the Rack et al., studies
found a connection between hormone receptor status and CTC
numbers. It’s possible that since hormone independence is not
an early stage event, the means of collecting CTCs via the
CellSearch system (targeting epithelial marker EpCAM) may be
omitting the mesenchymal cells which may be more likely to re-
flect the tumor’s receptor status.
In consideration of the scientifically-validated role of CTCs as

prognostic markers of OS and PFS in breast cancer, new clinical
trials are underway that will utilize CTC counts towards clinical
decisions. These trials will assess the value of CTC count-guided
decisions about the therapeutic avenues prescribed to
patients [62].
Beyond breast cancer, similar results have been observed in

other epithelial tumors. A prospective analysis to determine pa-
tient OS by using CellSearch measured CTC counts in
castration-resistant prostate cancer (CRPC) patients found
CTCs to a viable prognostic tool [63]. The study revealed a sig-
nificant probability of OS in patients with favorable CTC counts
(<5), as measured preinitiation of chemotherapy and monthly
readings thereafter. Furthermore, patients whose CTC counts
switched from unfavorable to favorable fared better OS than

those who experienced the opposite effect. As prostate-specific
antigen (PSA) change and velocity are common metrics in pros-
tate cancer clinical assessment, the change in PSA (30 and 50%)
was significant for OS after 6–8 weeks of therapy but less so com-
pared with favorable and unfavorable CTC counts [63]. A re-
analysis of the same data was conducted using more stringent
criteria: only first line chemotherapy patients, and an extra 6
months of follow-up data. Here, the CTC counts and lactate de-
hydrogenase (LDH) but not PSA were shown as indicators of OS
time [64]. Similarly, in a 711 patient study of metastatic CRPC,
CTC counts of <5 cells/7.5ml blood and LDH of >250 u/l was a
significant surrogate for survival over a 2-year period [65]. The
SWOG S0421 Phase III trial of 238 patients (out of an initial en-
rollment of 1038) measured CTC at baseline and 21 days later
before beginning second cycle of chemotherapy [66]. In a com-
parison of patient groups separated between CTCs <or �5/7.5
ml blood, the baseline CTC count was reflective of PSA and
RECIST response. Further, a CTC enumeration of �5/7.5 ml
was associated with higher PSA and worse bone pain, among
other physiological markers. Surprisingly the tumor volume was
not an included metric in the studies mentioned thus far. A
meta-analysis of 33 studies out of an initial screening of 768
found that 25 of these 33 showed a favorable role of CTCs in per-
ipheral blood as markers of OS and PFS [23]. In total 5 of 33
were non-favorable for similar criteria, while the other 3 studies
were inconclusive. CTCs detected in bone marrow were not pre-
dictors of OS, but did correlate to disease/relapse-free survival.
Although there is now ample evidence to support the presence of
baseline CTC � 5/7.5 ml of blood as a prognostic indicator of
poor OS and PFS, the glaring issue of predicting the driving force
in PCA, hormone independence, via CTC enumeration/analysis
is still lacking. RT-qPCR analysis of CTCs captured from two
groups of 31 enzalutamide or abiraterone-treated metastatic
CRPC patients found AR-V7 transcripts in CTCs of 39 and 19%

Different technologies to enrich CTCs from peripheral blood of cancer patients

Different circulating nucleic acid based biomarkers in peripheral circulation of cancer patients

Unprocessed blood
sample from cancer
patients

Antibody based
(EpCAM, Plastin 3, CSV etc)
CTC enrichment

Gradient
centrifugation

Exosomal mRNAs ctDNAsctmiRNAs IncRNAs

A
U
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Blood plasma after
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Microfluidics EPISPOT Circulating
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Figure 2. CTC isolation methods and an inventory of circulating DNA/RNA components. A blood sample can be processed for CTC isolation using multiple
techniques as illustrated. The plasma portion of the sample also contained various types of genetic materials such as circulating tumor mirco RNA, ctDNA,
and lncRNA. These molecules may or may not be encased in an exosomal vescicle.
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Table 1. Prominent CTC isolation and detection techniques

Technology Isolation principle Comments/notes References Developer(s)

EpCAM-based

CellSearch EpCAM-conjugated
ferrofluid

EpCAM mAb conjugated to a magnetic bead is used for
targeting CTCs. Cells are eluted with magnetic separ-
ation and IF labeled.

[25] Janssen Diagnostics,
Raritan, NJ, USA

GILUPI
CellCollector

EpCAM-tipped steel
wire

Steel wire with 2 cm hydrogel tip conjugated to EpCAM.
Inserted into arm vein for 30min.

[26] GILUPI GmbH,
Potsdam, Germany

RosetteSep Negative selection
through gradient
centrifugation

Precipitate undesired PBMC’s by conjugating them with
glycohphorin A on RBCs during gradient
centrifugation.

[27] STEMCELL Technologies,
Vancouver, BC, Canada

Microfluidics

CTC-iChip &
Cluster-Chip

Si microarray with ab-
coated (EpCAM or
others) microposts

Silicone microchip with microposts that can be coated
with an antibody of choice (CTC-iChip). Different
version of same technology allows for label-free isola-
tion of CTC clusters (Cluster-Chip) which has helped
profile the heterogeneous nature of CTCs.

[88, 32] Dr Daniel A. Haber and
Dr Mehmet Toner
Labs, MGH, Boston,
MA, USA

Parsortix Size-based exclusion
using microfluidics.
Sterile separate of
cells from plasma.

Microfluidics cassette for sterile isolation of CTCs.
Isolated cells can be genetically characterized if
desired. Also able to separate plasma for separate
analysis.

[33, 34] Angle plc, Surrey, UK

Vortex HT/Vortex
VTX-1

Inertial forces of
microvortices trap
CTC but allow
other cells to escape

High capture efficiency (>80%) and sterile isolation of
cells. Requires up to seven repeated processing of the
same sample for ideal results. Inadequate comparison
to CellSearch.

[35] Vortex Biosciences,
Menlo Park, CA, USA

ClearCell FX Microfluidic spiral
channel separate
CTC by inducing
drag

Excludes cells <8–15mm. 70–80% capture efficiency.
Comparisons with CellSearch show extremely high
differences in favor of ClearCell.

[36, 37] Clearbridge BioMedics,
Singapore

Imaging-based

AccuCyte þ
CyteFinder

Gradient centrifuged

buffycoat spread on
slide

Mechanical separation of the PBMC layer after gradient cen-

trifugation. Cells are spread on glass slide for staining/
imaging. Specialized needle allows for picking individual
cells for further study. 8hr processing time per sample.

[38] Rarecyte, Seattle, WA,

USA

EPIC/HD-CTC Nucleated cells from
whole blood sample
placed on slide,
stained and imaged

Nucleated cells are cytospun on to glass slides and
immunostained for CD45, CK, DAPI, and a fourth,
custom antibody. All cells are imaged and tumor cells
(CTCs) are quantified based on positive CK staining.

[39, 40] Epic Sciences, San Diego,
CA, USA

Size-based

Isolation by Size of
Epithelial
Tumor Cells
(ISET)

Size-based CTC filtra-
tion from whole
blood

An 8–11lm pore size. Blood mixed with proprietary
buffer before processing. Can process up to 10ml
blood in �15m. Higher yield than CellSearch.
Validated in multiple tumors by independent groups.

[41–43] Rarecells Diagnostics
SAS, Paris, France

ScreenCell size-ex-
clusion device

Size-based, vacuum-
driven whole blood
screen

Whole blood is drawn by vacuum suction through a fil-
ter with 6.5 6 0.33 lm pore size. Filter can be
removed and kept in a tissue culture dish or mounted
on slide for staining and imaging.

[44] ScreenCell, Westford,
MA, USA

CellSieve Lithographically made
10lm thick micro-
filter with uniform
7 lm sized pores

SU-8 polymer film with 160 000 pores evenly placed on
a 9-mm diameter filter. Blood drawn through filter by
mechanically controlled syringe pump. Filtered cells
backwashed into vial with PBS. More than 90% cap-
ture efficiency in spiking assays.

[45, 46] Creatv MicroTech,
Potomac, MD, USA

Functional

CSV CD45 depletion, CSV-
based isolation

After CD45þ cell depletion, an in-house developed anti-
body for CSV is employed for CTC isolation. Isolated
cells are immunostained for size and marker-based
characterization.

[47] Dr Shulin Li Lab,
MDACC, Houston,
TX, USA

Continued
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patients, respectively [67]. The TMPRSS2-ERG transcripts were
also screened in a 41 patient cohort of post-chemotherapy CRPC
phase II trial [68]. 15/41 (37%) patients that expressed the fusion
gene in their CTCs had a baseline median of 17 CTCs per 7.5 ml
blood, however the presence of this transcript did not affect sur-
vival over 4 years.
A meta-analysis of 53 melanoma clinical trials found that CTC

positivity rates between various stages ranged from 32% (Stage I)
to 47.4% (Stage IV), while the 5-year mortality increased from
10% at stage I to 90% at stage IV [69]. The greatest differences
occurred between stages I and IV with minor increases in the
middle stages. A multicenter study of CTC counts in patients
with metastatic CRC found that 3 or more CTCs were a signifi-
cant predictor of PFS and OS using baseline and post-therapy
counts [70]. Analysis of metastatic neuroendocrine neoplasm
patients starting long-term chemotherapy found that the ab-
sence of CTCs at baseline and after the first cycle of treatment
was a strong predictor of OS and progressive disease [71]. This
was also true with patients showing a �50% decline in CTC
counts between baseline and first measurement post treatment.
A summary of all phase II-IV clinical trials using CTCs as an out-
come measure is shown (Table S1, available at Annals of
Oncology online).
The availability of newer devices for immobilizing/capturing

CTCs for genetic analysis has opened up a new arena of genetic
studies of these elusive tumor cells. Aceto et al., used the CTC-

iChip for RNA sequencing on a breast CTC cluster and dis-
covered plakoglobulin as the key contributor towards maintain-
ing CTC clusters [72]. The whole exome sequencing of CTCs
from two prostate cancer patients revealed 70% overlap with mu-
tations found in lymph node metastasis and primary tissue [73].
Similarly, there was concordance between cfDNA and CTCs in
metastatic breast cancer patients [74]. CTCs showed heterogen-
eity in the TP53, PIK3CA, ESR1, and KRAS genes. Notably, the
ESR1 and KRAS mutations were not observed in primary tumor
tissue, indicating a sub-population of cells within the tumor.
Another study of breast cancer CTCs revealed prevalent muta-
tions in TP53, PGFRRA, ERBB2, and KIT though authors noted
significant ‘intro- and inter-patient heterogeneity’ [75]. This pat-
tern of varying mutations in CTCs was also recorded in meta-
static HCC patients [76]. Perhaps in an effort to understand the
relevance of the differing mutations in CTCs not observed in pri-
mary tumors, Dr Caroline Dive’s group pioneered a unique
method known as CTC-derived xenograft (CDX) models [27, 77,
78]. Essentially, these are CTCs captured from fresh li-
quid biopsies that are immediately injected subcutaneously into
NSGmice. The resulting tumors exhibited similar genomic signa-
ture to CTCs and reflected comparable drug/therapeutic response
as the source NSCLC and melanoma tissues [77, 79]. Overall, the
genomic analysis of CTCs is still more cost and time prohibitive
compared to ctDNA analysis, which shares significant overlap
with CTCDNA.

Table 1. Continued

Technology Isolation principle Comments/notes References Developer(s)

EPISPOT CD45 depleted cells
cultured on ab-
coated NC
membrane

Can augment CTCs isolated by other methods. Authors
claim greater sensitivity than CellSearch. Clinical tri-
als underway.

[48] Dr Alix-Panabieres,
Universit Medical
Centre, Montpellier,
France

Cell invasion CTCs ingest fluores-
cent CAM

Pros: Combines mesenchymal behavior with epithelial
phenotype; Cons: Spiked assay recovery rate is low
(54 6 9%)

[49, 50] Dr Jonathan Rosenberg
Lab, UCSF, San
Francisco, CA, USA

Dielectrophoresis
(DEP)

Non-uniform electric
field to move cells
in liquid and separ-
ate by cell types

Isolated cells are viable and sterile. Can augment
CellSearch post-isolation.

[51, 52] DEPArray (Silicon
Biosystems, San
Diego, CA,
USA);ApoStream
(APOCELL, Houston,
TX, USA)

Telomescan (OBP-
401)

Label cells with tel-
omerase-controlled
GFP using
adenovirus

Pros: Clinically validated in multiple tumors; Cons:
Some false positive staining in WBC.

[53, 54] Oncolys BioPharma,
Tokyo, Japan

Acoustics-based Acoustic waves on
microfluidic flow
for physical prop-
erty based
separation

Pros: Label-free isolation from clinical samples.
Validated using cell lines and breast cancer clinical
samples. More than 80% recovery rate. Promising
new technology; Cons: First iteration. Flow rate is low
(20 ml/min). Only tested two clinical samples.

[55] Drs. Dao, Suresh, Huang
Labs. MIT,
Cambridge, MA, USA;
CMU, Pittsburgh, PA,
USA; PSU, University
Park, PA, USA
respectively.

Ab, Antibody; CAM, Collagen adhesion matrix; CK, Cytokeratin; NC, Nirocellulose.
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circulating tumor DNA
Circulating DNA can either be borne from tumor cells, exosomes
or be found as cell free DNA (cfDNA) also referred to as ctDNA
though cfDNA can include non-tumor related DNA [80, 81].
Until recently, the technology was typically not sensitive enough
to detect circulating DNA [82]. Circulating cell-free tumor DNA
is found in predicable fragment lengths of the range of 140–170
bp, due to its original format as a histone-packaged nucleosome.
These DNA fragments maintain epigenetic marks from
the original tumor, a contributing factor motivating ctDNA ana-
lysis [83].

circulating tumor RNA
The circulating transcriptome consists of both coding and non-
coding RNA, such as miRNA [84]. When compared with other
forms, microRNAs are usually more stable in circulation due to
their small size [85]. Key sources of circulating RNA include
CTCs, tumor cell exosomes andmicrosomes, and TEPs [8].
Some studies have also focused on single-cell sequencing of

the transcriptome [86]. Various other studies have concentrated
on stabilizing and analyzing cell free RNA (cfRNA) [87]. In one
study, investigators focused on plasma levels of cfRNA and
telomere-specific reverse transcriptase mRNA, showed both to
be associated with tumor response in rectal cancer patients who
received preoperative chemoradiotherapy [88]. Multiple studies
have also identified miRNA profiles for both adenomas and
colon cancer [89]. cf-microRNAs present in the peripheral blood
of cancer patients may reflect their influence on the biology of
the tumor as well as therapeutic interventions and help with
diagnosis, prognosis and response to therapy [90, 91]. Multiple
miRNAs profiles have been revealed for different cancers that
vary with tissue origin. A number of data bases have been

developed such as miRCancer Database mircancer.ecu.edu,
microrna.org, mirbase.org as well as ncbi.nlm.nih.gov/nuccore
to name a few. These databases catalog the various tumor specific
miRNAs profiles and potential outcomes. The clinical relevance
of miRs and other RNA in cancer is highlighted by numerous
current and ongoing clinical trials (Table S2, available at Annals
of Oncology online ).

exosomes
The content of exosomes includes proteins, lipids, DNA, mRNA,
and LincRNA [92]. Exosomes are secreted by several cell types,
including cancer cells; examples of exosome-modified processes
include cellular immunity, response to infection, and tumorigen-
esis. Exosomes have been reported to promote tumorigenesis in
many cancer types, in particular through transfer of miRNAs
[93, 94]. Remarkably, tumor-derived exosomes contain their
own miRNA associated machinery and display cell-independent
capacity to process precursor miRNAs into mature miRNAs.
This phenomenon mediates an efficient and rapid silencing of
mRNA in target cells, thus promoting oncogenesis.
The function of exosomes in tumor progression can be ex-

plained in part by the capacity of tumor-derived exosomes to
modulate the host microenvironment in a distant site [95–97].
These findings have raised the concept of the pre-metastatic
niche. For example, melanoma-derived exosomes injected in
naı̈ve mice have been shown to induce neoangiogenesis at pre-
metastatic niche sites before the presence of any tumor cells [93].
Similarly, pancreatic ductal adenocarcinoma-derived exosomes
were shown to induce liver pre-metastatic niche formation in
mice and consequently increase liver metastatic burden [98].
Uptake of these tumor-derived exosomes by the liver resulted in
TGF-b secretion and upregulation of fibronectin production.
This resulting microenvironment then enhanced the recruitment
of bone marrow derived macrophages. It was also noted that
macrophage migration inhibitory factor was highly expressed in
tumor-derived exosomes and its blockade prevented the forma-
tion of this liver pre-metastatic niche and thus inhibited
metastasis.
A recent study by Hoshino et al. [99] demonstrated that vari-

ous types of tumor-derived exosomes fuse preferentially with
resident cells at their predicted destination. This concept of
metastatic organotropism argues that exosomes taken up by
organ-specific cells prepare and prime the pre-metastatic niche.
Proteomic analysis of exosomes revealed distinct integrin ex-
pression patterns perhaps indicating the predilection for exo-
somes to target specific cells types or organs. Integrins a6b4 and
a6b1 were associated with lung metastasis while exosomal integ-
rins avb5 was linked to liver metastasis. Targeting these integrins
in turn decreased exosome uptake as well as lung and liver
metastasis.
In the case of blood cancers, a pathogenic role for exosomes

has been demonstrated for multiple myeloma and leukemias, in
particular through the transfer of miRNAs, mRNA and proteins
[93, 94]. Roccaro et al. [94] showed that the protein content of
exosomes isolated frommyeloma bone marrow stromal cells was
enriched for oncogenic proteins, cytokines, and kinases, includ-
ing IL-6, CCL2, and fibronectin. This supports the notion that
bone marrow stromal cells support tumorigenesis not only

CTC

cfDNA

Exosomes

TEP

miRNA

ncRNA

Primary tumor

Figure 3. A liquid biopsy contains wealth of information relevant to deter-
mining tumor status, metastatic potential, and likelihood of relapse. Some
of the contributing factors to making such an assessment include CTC
counts, CTC genetic profile and protein expression, levels of ctDNA/RNA
and the presence or absence of known mutations or epigenetic signatures. A
thorough analysis of liquid biopsies from cancer patients screening for these
factors can reveal essential information for personalized care.
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through paracrine mechanisms like growth factors [100, 101]
but also through direct transfer of microRNAs and proteins
from exosomes, thus creating a favorable niche for the expansion
of the malignant clone. In AML, analysis of exosome content has
the potential to be used as a biomarker of disease as mRNAs that
encode proteins including NPM1, FLT3, CXCR4, MMP9, and
IGF-1R were detected in exosomes isolated from patient-derived
AML blasts and leukemic cell lines [100]. Characterization of
these exosomes showed that the mRNA content reflected the
FLT3 and NPM1 allelic diversity of the cell population from
which they were isolated. Thus, analysis of exosome content may
provide actionable clinical information.
Exosome formation by tumor cells may also affect response to

therapy. For example, in patients with B-cell lymphoma, tumor-
derived exosomes expressed CD20 to counter targeting im-
munotherapy with rituximab in vitro and in vivo [99, 101].
Pharmacologic blockade of ATP-binding cassette transporter A3
using the cyclooxygenase type-2 inhibitor indomethacin in-
hibited exosome release, thereby reducing the sump effect of
CD20-bearing exosomes and enhancing the efficacy of rituximab
[99]. Together, the above studies provide insights into the mech-
anisms by which exosomes contribute to the pathobiology of
cancer. Continued investigation of the properties of exosomes is
warranted to better understand their role.

ctDNA/RNA clinical utility
A key advantage of a liquid biopsy includes beingmuch less inva-
sive than primary tumor biopsies. This enables multiple clinical
applications, including characterization of molecular profiles in
lieu of tissue, monitoring response to therapy, detection of min-
imal residual disease, and tumor evolution with therapy.
For positive selection biomarkers, where the presence of a mu-

tation is associated with response to targeted therapy, the per-
formance of ctDNA is already sufficient for integration into
clinical care. In Europe, the regulatory labeling for gefitinib was
updated to allow use of ctDNA for assessment of activating
EGFR mutations in patients where a tumor sample is not avail-
able for testing. Rociletinib (CO-1686), an inhibitor of EGFR
T790M, is undergoing priority review by the FDA with both tis-
sue and plasma-based testing incorporated into the initial studies
[102]. Although not yet included in the regulatory label for
agents in the United States, similar ctDNA tests are being offered
for clinical use by a number of companies and are generally ac-
cepted as sufficient for treatment eligibility by insurance
providers.
Negative selection biomarkers of KRAS or NRAS mutations

for EGFR inhibitors in CRC have been slower to be adopted for
routine clinical care, in part due to concerns about false negatives
and the high accessibility of tumor tissue for testing.
Nevertheless, efforts are underway to deploy ctDNA testing due
to improved turnaround time and specimen availability. The
increasing clinical utilization of ctDNA testing currently is also
driven by patients and physicians attempting to identify targeted
therapies for off-label use or clinical trial enrollment, which has
been enabled by the development of clinical assays using next
generation sequencing (NGS) [80].
The half-life of non-exosomal ctDNA is estimated to be sev-

eral hours, and therefore provides opportunities for tumor

monitoring, and therapeutic and surgical response [103, 104]. In
CRC, e.g. patients who are later demonstrated radiographically
to have responding disease have a drop of >90% of the ctDNA
levels after the first 2 weeks of treatment [104]. This rapid clear-
ance has been shown to stratify risk of recurrence after resection
with curative intent. In breast cancer, patients with detectable
ctDNA after resection had a 25-fold higher hazard of recurrence
[105]. These biomarkers are now being integrated into prospect-
ive clinical trials. A summary of phase 2 through 4 clinical trials
incorporating ctDNA is listed in Table S3, available at Annals of
Oncology online .
Serial blood draws throughout the identification, monitoring

and treatment phases of the tumor continuum can provide a cir-
culating profile of macromolecules. Such a snapshot of circulat-
ing genome and transcriptome can be more representative of the
different regions of a heterogeneous tumor. This helps support
the identification and emergence of therapeutic resistance much
earlier than solid tissue biopsies. An illustration of the informa-
tion that can be potentially extracted from a liquid biopsy is
shown (Figure 3). A variety of clinical studies are attempting to
harness the power and utility of liquid biopsies. Currently avail-
able clinical data and ongoing trials encompass a number of
tumor sites each with their own specific tumor characteristics
and informative biomarker subsets [106, 107]. These hypothesis-
driven, investigator-initiated studies may show potential benefit
of early detection and identification of genetic mutations. We be-
lieve with technological progress and prolific use of such tech-
niques holds great promise for the future of cancer treatment
and individualized care.

combined approach and future
perspectives
Here we have discussed three sources of biomarkers for personal-
ized therapy. Moving forward, we envision that each of these bio-
markers can be incorporated for a thorough, minimally-invasive
means of assessing prognostic outlook, therapeutic response, and
risk of relapse. For example, a trial of 62 metastatic PCA patients
resistant to anti-androgen therapy found that the presence of the
androgen receptor (AR) splice variant AR-V7 in CTC was associ-
ated with castration resistant PCA (CRPC) [67]. Previous research
has found a significant correlation with plasmaDNAbetween PCA
subgroups based on disease spread and tumor stage and that these
levels were reflective of CTC levels [108]. With the recent develop-
ment of single cell western technology by AmyHerr’s group as well
as the new device for similar application (Milo—ProteinSimple,
San Jose, CA, USA), it is also possible to extract translational
changes [109]. Similarly, a recent study of AR copy number in the
serum of 59 advanced CRPC patients found significant correlation
between copy number gain with baseline PSA, alkaline phosphat-
ase, LDH levels, as well as PFS and OS [110]. Further, elevated lev-
els of multiple miRNAs have been associated with metastatic PCA,
compared with healthy controls [111]. miR-141 is one such bio-
marker which is concentrated in exosomes, compared with serum
and is elevated in PCA patients [112]. In a hypothetical scenario,
these independent studies could all be conducted on a single liquid
biopsy whereby the individual CTCs could be subjected to either
whole genome analysis, FISH, or specific CNVs using NGS.
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Additionally, the levels of target miRNA, or cfDNA/RNA tran-
scripts in plasma can be screened for driver mutations. As evi-
denced by Dr Dive’s recent work, the heterogeneity of a patient’s
CTC population reflects the disease status [27]. Since these tumors
takemonths to develop and analyze, the single-cell western blot ap-
proach can provide instant results which can be later confirmed/
scrutinized using CDX models. The variety of approaches listed in
this paragraph highlight the currently available robust, reliable, and
validated means of extracting information from a liquid biopsy.
Overall, we envision that growing knowledge of CTCs, cfDNA/
RNA, and exosomes will provide an increased resolution to the
snapshot of tumor status obtained through liquid biopsies.

funding
There is no funding to report for this work.

disclosure
UTMD Anderson Cancer Center has licensed the CSV antibody
for commercial use to Abnova (Taipei City, Taiwan). All remain-
ing authors have declared no conflicts of interest.

references
1. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000; 100(1): 57–70.
2. Plaks V, Koopman CD, Werb Z. Circulating tumor cells. Science 2013;

341(6151): 1186–1188.
3. Krakhmal NV, Zavyalova MV, Denisov EV et al. Cancer Invasion: Patterns and

Mechanisms. Acta Naturae 2015; 7(2): 17–28.
4. Bettegowda C, Sausen M, Leary RJ et al. Detection of circulating tumor DNA in early-

and late-stage human malignancies. Sci Transl Med. 2014; 6(224): 224ra24.
5. Garcia-Murillas I, Schiavon G, Weigelt B et al. Mutation tracking in circulating

tumor DNA predicts relapse in early breast cancer. Sci Transl Med. 2015; 7(302):
302ra133.

6. Thierry AR, Mouliere F, El Messaoudi S et al. Clinical validation of the detection of KRAS
and BRAF mutations from circulating tumor DNA. Nat Med 2014; 20(4): 430–435.

7. Tabernero J, Lenz H-J, Siena S et al. Analysis of circulating DNA and protein bio-
markers to predict the clinical activity of regorafenib and assess prognosis in pa-
tients with metastatic colorectal cancer: a retrospective, exploratory analysis of the
CORRECT trial. Lancet Oncol 2015; 16(8): 937–948.

8. Best MG, Sol N, Kooi I et al. RNA-seq of tumor-educated platelets enables blood-
based pan-cancer, multiclass, and molecular pathway cancer diagnostics. Cancer
Cell 2015; 28(5): 666–676.

9. Schrauder MG, Strick R, Schulz-Wendtland R et al. Circulating micro-RNAs as po-
tential blood-based markers for early stage breast cancer detection. PLoS One
2012; 7(1): e29770.

10. Brase JC, Johannes M, Schlomm T et al. Circulating miRNAs are correlated with
tumor progression in prostate cancer. Int J Cancer 2011; 128(3): 608–616.

11. Heegaard NHH, Schetter AJ, Welsh JA et al. Circulating micro-RNA expression profiles
in early stage nonsmall cell lung cancer. Int J Cancer 2012; 130(6): 1378–1386.

12. Wang Q, Huang Z, Ni S et al. Plasma miR-601 and miR-760 are novel biomarkers
for the early detection of colorectal cancer. PLoS One 2012; 7(9): e44398.

13. Ren S, Wang F, Shen J et al. Long non-coding RNA metastasis associated in lung
adenocarcinoma transcript 1 derived miniRNA as a novel plasma-based biomarker
for diagnosing prostate cancer. Eur J Cancer 2013; 49(13): 2949–2959.

14. Arita T, Ichikawa D, Konishi H et al. Circulating long non-coding RNAs in plasma of
patients with gastric cancer. Anticancer Res 2013; 33(8): 3185–3194.

15. Patriarca C, Macchi RM, Marschner AK, Mellstedt H. Epithelial cell adhesion mol-
ecule expression (CD326) in cancer: a short review. Cancer Treat Rev 2012;
38(1): 68–75.

16. Grover PK, Cummins a G, Price TJ et al. Circulating tumour cells: the evolving con-
cept and the inadequacy of their enrichment by EpCAM-based methodology for
basic and clinical cancer research. Ann Oncol 2014; 25(8): 1506–1516.

17. Yokobori T, Iinuma H, Shimamura T et al. Plastin3 is a novel marker for circulating
tumor cells undergoing the epithelial-mesenchymal transition and is associated
with colorectal cancer prognosis. Cancer Res 2013; 73(7): 2059–2069.

18. Ueo H, Sugimachi K, Gorges TM et al. Circulating tumour cell-derived plastin3 is a
novel marker for predicting long-term prognosis in patients with breast cancer. Br
J Cancer 2015; 112(9): 1519–1526.

19. Lyberopoulou A, Aravantinos G, Efstathopoulos EP et al. Mutational analysis of cir-
culating tumor cells from colorectal cancer patients and correlation with primary
tumor tissue. PLoS One 2015; 10(4): e0123902.

20. Satelli A, Li S. Vimentin in cancer and its potential as a molecular target for cancer
therapy. Cell Mol Life Sci 2011; 68(18): 3033–3046.

21. Müller V, Riethdorf S, Rack B et al. Prognostic impact of circulating tumor cells as-
sessed with the CellSearch SystemTM and AdnaTest BreastTM in metastatic breast
cancer patients: the DETECT study. Breast Cancer Res 2012; 14(4): R118.

22. Krebs MG, Sloane R, Priest L et al. Evaluation and prognostic significance of circu-
lating tumor cells in patients with non-small-cell lung cancer. J Clin Oncol 2011;
29(12): 1556–1563.

23. Ma X, Xiao Z, Li X et al. Prognostic role of circulating tumor cells and disseminated
tumor cells in patients with prostate cancer: a systematic review and meta-ana-
lysis. Tumor Biol 2014; 35(6): 5551–5560.

24. Cohen SJ, Punt CJA, Iannotti N et al. Prognostic significance of circulating tumor cells
in patients with metastatic colorectal cancer. Ann Oncol 2009; 20(7): 1223–1229.

25. Cristofanilli M, Budd GT, Ellis MJ et al. Circulating tumor cells, disease progression,
and survival in metastatic breast cancer. N Engl J Med 2004; 351(8): 781–791.

26. Gorges TM, Penkalla N, Schalk T et al. Enumeration and molecular characteriza-
tion of tumor cells in lung cancer patients using a novel in vivo device for capturing
circulating tumor cells. Clin Cancer Res 2016; 22(9): 2197–2206.

27. Hodgkinson CL, Morrow CJ, Li Y et al. Tumorigenicity and genetic profiling of cir-
culating tumor cells in small-cell lung cancer. Nat Med 2014; 20(8): 897–903.

28. Sequist LV, Nagrath S, Toner M et al. The CTC-chip. J Thorac Oncol 2009; 4(3):
281–283.

29. Nagrath S, Sequist LV, Maheswaran S et al. Isolation of rare circulating tumour cells in
cancer patients by microchip technology. Nature 2007; 450(7173): 1235–1239.

30. Stott SL, Hsu C-H, Tsukrov DI et al. Isolation of circulating tumor cells using a microvortex-
generating herringbone-chip. Proc Natl Acad Sci USA 2010; 107(43): 18392–18397.

31. Ozkumur E, Shah AM, Ciciliano JC et al. Inertial focusing for tumor antigen-
dependent and -independent sorting of rare circulating tumor cells. Sci Transl
Med 2013; 5(179): 179ra47.

32. Sarioglu AF, Aceto N, Kojic N et al. A microfluidic device for label-free, physical
capture of circulating tumor cell clusters. Nat Methods 2015; 12(7): 685–691.

33. Chudziak J, Burt DJ, Mohan S et al. Clinical evaluation of a novel microfluidic de-
vice for epitope-independent enrichment of circulating tumour cells in patients
with small cell lung cancer. Analyst 2016; 141(2): 669–678.

34. Xu L, Mao X, Imrali A et al. Optimization and evaluation of a novel size based circu-
lating tumor cell isolation system. PLoS One 2015; 10(9): e0138032.

35. Che J, Yu V, Dhar M et al. Classification of large circulating tumor cells isolated
with ultra-high throughput microfluidic Vortex technology. Oncotarget 2016;
7(11): 12748–12760.

36. Tan SJ, Lakshmi RL, Chen P et al. Versatile label free biochip for the detection of
circulating tumor cells from peripheral blood in cancer patients. Biosens
Bioelectron 2010; 26(4): 1701–1705.

37. Khoo BL, Warkiani ME, Tan DSW et al. Clinical validation of an ultra high-
throughput spiral microfluidics for the detection and enrichment of viable circulat-
ing tumor cells. PLoS One 2014; 9(7): 1–7.

38. Campton DE, Ramirez AB, Nordberg JJ et al. High-recovery visual identification
and single-cell retrieval of circulating tumor cells for genomic analysis using a
dual-technology platform integrated with automated immunofluorescence staining.
BMC Cancer 2015; 15: 360.

39. Bethel K, Luttgen MS, Damani S et al. Fluid phase biopsy for detection and charac-
terization of circulating endothelial cells in myocardial infarction. Phys Biol 2014;
11(1): 016002.

40. Werner SL, Graf RP, Landers M et al. Analytical validation and capabilities of the
epic CTC platform: enrichment-free circulating tumour cell detection and charac-
terization. J Circ Biomarkers 2015; 4(3): 1.

review Annals of Oncology

8 | Batth et al. Volume 0 | No. 0 | November 2016



41. Ilie M, Hofman V, Long-Mira E et al. “Sentinel” circulating tumor cells allow early
diagnosis of lung cancer in patients with chronic obstructive pulmonary disease.
PLoS One 2014; 9(10): e111597.

42. Cummings J, Sloane R, Morris K et al. Optimisation of an immunohistochemistry
method for the determination of androgen receptor expression levels in circulating
tumour cells. BMC Cancer 2014; 14: 226.

43. Abdallah EA, Fanelli MF, Souza e Silva V et al. MRP1 expression in CTCs confers
resistance to irinotecan-based chemotherapy in metastatic colorectal cancer. Int J
Cancer 2016; 139(4): 890–898.

44. Desitter I, Guerrouahen BS, Benali-Furet N et al. A new device for rapid isolation
by size and characterization of rare circulating tumor cells. Anticancer Res 2011;
31(2): 427–441.

45. Adams DL, Alpaugh RK, Martin SS et al. Precision microfilters as an all in one system
for multiplex analysis of circulating tumor cells. RSC Adv 2016; 6(8): 6405–6414.

46. Adams DL, Stefansson S, Haudenschild C et al. Cytometric characterization of cir-
culating tumor cells captured by microfiltration and their correlation to the
CellSearch(VR ) CTC test. Cytometry A 2015; 87(2): 137–144.

47. Satelli A, Mitra A, Cutrera JJ et al. Universal marker and detection tool for human
sarcoma circulating tumor cells. Cancer Res 2014; 74(6): 1645–1650.

48. Alix-Panabières C, Pantel K. Liquid biopsy in cancer patients: advances in captur-
ing viable CTCs for functional studies using the EPISPOT assay. Exp Rev Mol
Diagn 2015; 7159 (September):1–7.

49. Lu J, Fan T, Zhao Q et al. Isolation of circulating epithelial and tumor progenitor
cells with an invasive phenotype from breast cancer patients. Int J Cancer 2010;
126(3): 669–683.

50. Paris PL, Kobayashi Y, Zhao Q et al. Functional phenotyping and genotyping of cir-
culating tumor cells from patients with castration resistant prostate cancer.
Cancer Lett 2009; 277(2): 164–173.

51. Gascoyne PRC, Noshari J, Anderson TJ, Becker FF. Isolation of rare cells from cell
mixtures by dielectrophoresis. Electrophoresis 2009; 30(8): 1388–1398.

52. Gascoyne PRC, Shim S. Isolation of circulating tumor cells by dielectrophoresis.
Cancers (Basel) 2014; 6(1): 545–579.

53. Yabusaki M, Sato J, Kohyama A et al. Detection and preliminary evaluation of circu-
lating tumor cells in the peripheral blood of patients with eight types of cancer using
a telomerase-specific adenovirus. Oncol Rep 2014; 32(5): 1772–1778.

54. Kim SJ, Masago A, Tamaki Y et al. A novel approach using telomerase-specific
replication-selective adenovirus for detection of circulating tumor cells in breast
cancer patients. Breast Cancer Res Treat 2011; 128(3): 765–773.

55. Li P, Mao Z, Peng Z et al. Acoustic separation of circulating tumor cells. Proc Natl
Acad Sci USA 2015; 112(16): 4970–4975.

56. Lucci A, Hall CS, Lodhi AK et al. Circulating tumour cells in non-metastatic breast
cancer: a prospective study. Lancet Oncol 2012; 13(7): 688–695.

57. Pierga J-Y, Bidard F-C, Mathiot C et al. Circulating tumor cell detection predicts
early metastatic relapse after neoadjuvant chemotherapy in large operable and lo-
cally advanced breast cancer in a phase II randomized trial. Clin Cancer Res 2008;
14(21): 7004–7010.

58. Hall CS, Karhade M, Laubacher BA et al. Circulating tumor cells and recurrence
after primary systemic therapy in stage III inflammatory breast cancer. J Natl
Cancer Inst 2015; 107(11): djv250.

59. Smerage JB, Barlow WE, Hortobagyi GN et al. Circulating tumor cells and response
to chemotherapy in metastatic breast cancer: SWOG S0500. J Clin Oncol 2014;
32(31): 1–8.

60. Raimondi C, Gradilone A, Naso G et al. Clinical utility of circulating tumor cell
counting through CellSearch(VR ): the dilemma of a concept suspended in Limbo.
Onco Targets Ther 2014; 7: 619–625.

61. Rack B, Schindlbeck C, Jückstock J et al. Circulating tumor cells predict survival
in early average-to-high risk breast cancer patients. J Natl Cancer Inst 2014;
106(5): 1–11.

62. Bidard F-C, Fehm T, Ignatiadis M et al. Clinical application of circulating tumor
cells in breast cancer: overview of the current interventional trials. Cancer
Metastasis Rev 2013; 32(1–2): 179–188.

63. de Bono JS, Scher HI, Montgomery RB et al. Circulating tumor cells predict survival
benefit from treatment in metastatic castration-resistant prostate cancer. Clin
Cancer Res 2008; 14(19): 6302–6309.

64. Scher HI, Jia X, de Bono JS et al. Circulating tumour cells as prognostic markers
in progressive, castration-resistant prostate cancer: a reanalysis of IMMC38 trial
data. Lancet Oncol 2009; 10(3): 233–239.

65. Scher HI, Heller G, Molina A et al. Circulating tumor cell biomarker panel as an
individual-level surrogate for survival in metastatic castration-resistant prostate
cancer. J Clin Oncol 2015; 33(12): 1348–1355.

66. Goldkorn A, Ely B, Quinn DI et al. Circulating tumor cell counts are prognostic of overall
survival in SWOG S0421: a phase III trial of docetaxel with or without atrasentan for
metastatic castration-resistant prostate cancer. J Clin Oncol 2014; 32(11): 1136–1142.

67. Antonarakis ES, Lu C, Wang H et al. AR-V7 and resistance to enzalutamide and
abiraterone in prostate cancer. N Engl J Med 2014; 371(11): 1028–1038.

68. Danila DC, Anand A, Sung CC et al. TMPRSS2-ERG status in circulating tumor cells
as a predictive biomarker of sensitivity in castration-resistant prostate cancer patients
treated with abiraterone acetate. Eur Urol 2011; 60(5): 897–904.

69. Mocellin S, Hoon D, Ambrosi A et al. The prognostic value of circulating tumor cells
in patients with melanoma: a systematic review and meta-analysis. Clin Cancer
Res 2006; 12(15): 4605–4613.

70. Cohen SJ, Punt CJA, Iannotti N et al. Relationship of circulating tumor cells to
tumor response, progression-free survival, and overall survival in patients with
metastatic colorectal cancer. J Clin Oncol 2008; 26(19): 3213–3221.

71. Khan MS, Kirkwood AA, Tsigani T et al. Early changes in circulating tumor cells
are associated with response and survival following treatment of metastatic neuro-
endocrine neoplasms. Clin Cancer Res 2015; (March 2011):1–8.

72. Aceto N, Bardia A, Miyamoto DT et al. Circulating tumor cell clusters are oligoclo-
nal precursors of breast cancer metastasis. Cell 2014; 158(5): 1110–1122.

73. Lohr JG, Adalsteinsson VA, Cibulskis K et al. Whole-exome sequencing of circulat-
ing tumor cells provides a window into metastatic prostate cancer. Nat Biotechnol
2014; 32(5): 479–484.

74. Shaw JA, Guttery DS, Hills A et al. Mutation analysis of cell-free DNA and single
circulating tumor cells in metastatic breast cancer patients with high CTC counts.
Clin Cancer Res 2016; doi:10.1158/1078-0432.CCR-16-0825.

75. De Luca F, Rotunno G, Salvianti F et al. Mutational analysis of single circulating
tumor cells by next generation sequencing in metastatic breast cancer.
Oncotarget 2016; 7(18): 26107–26119.

76. Kelley RK, Magbanua MJM, Butler TM et al. Circulating tumor cells in hepatocellu-
lar carcinoma: a pilot study of detection, enumeration, and next-generation
sequencing in cases and controls. BMC Cancer 2015; 15(1): 206.

77. Girotti MR, Gremel G, Lee R et al. Application of sequencing, liquid biopsies, and
patient-derived xenografts for personalized medicine in melanoma. Cancer Discov
2016; 6 (3): 286–299.

78. Williams A, Harouaka R, Zheng S et al. Perspectives on the functional character-
ization and in vitro maintenance of circulating tumor cells. Circ Tumor Cells 2016;
341: 215–231.

79. Krebs MG, Metcalf RL, Carter L et al. Molecular analysis of circulating tumour
cells-biology and biomarkers. Nat Rev Clin Oncol 2014; 11(3): 129–144.

80. Lanman RB, Mortimer SA, Zill OA et al. Analytical and clinical validation of a digital
sequencing panel for quantitative, highly accurate evaluation of cell-free circulat-
ing tumor DNA. PLoS One. 2015; 10(10): e0140712.

81. Heitzer E, Ulz P, Geigl JB. Circulating tumor DNA as a liquid biopsy for cancer. Clin
Chem 2015; 61(1): 112–123.

82. Kalia M. Biomarkers for personalized oncology: recent advances and future chal-
lenges. Metabolism 2015; 64(3): S16–S21.

83. Pixberg C, Schulz W, Stoecklein N, Neves R. Characterization of DNA methylation
in circulating tumor cells. Genes (Basel) 2015; 6(4): 1053–1075.

84. T�oth K, Bart�ak BK, Tulassay Z, Moln�ar B. Circulating cell-free nucleic acids as bio-
markers in colorectal cancer screening and diagnosis. Expert Rev Mol Diagn
2015; doi:10.1586/14737159.2016.1132164.

85. Schwarzenbach H, Nishida N, Calin GA, Pantel K. Clinical relevance of circulating
cell-free microRNAs in cancer. Nat Rev Clin Oncol 2014; 11(3): 145–156.

86. Grün D, Lyubimova A, Kester L et al. Single-cell messenger RNA sequencing re-
veals rare intestinal cell types. Nature 2015; 525(7568): 251–255.

87. Qin J, Williams TL, Fernando M. A novel blood collection device stabilizes cell-
free RNA in blood during sample shipping and storage. BMC Res Notes 2013;
6(1): 380.

88. Pucciarelli S, Rampazzo E, Briarava M et al. Telomere-specific reverse transcript-
ase (hTERT) and cell-free RNA in plasma as predictors of pathologic tumor re-
sponse in rectal cancer patients receiving neoadjuvant chemoradiotherapy. Ann
Surg Oncol 2012; 19(9): 3089–3096.

89. Verma AM, Patel M, Aslam MI et al. Circulating plasma microRNAs as a screening
method for detection of colorectal adenomas. Lancet 2015; 385: S100.

Annals of Oncology review

Volume 0 | No. 0 | November 2016 doi:10.1093/annonc/mdw619 | 9



90. Igaz I, Igaz P. Why is microRNA action tissue specific? A putative defense mechan-
ism against growth disorders, tumor development or progression mediated by cir-
culating microRNA? Med Hypotheses 2015; 85(5): 530–533.

91. Schwarzenbach H, da Silva AM, Calin G, Pantel K. Data normalization strategies
for MicroRNA quantification. Clin Chem 2015; 61(11): 1333–1342.

92. Lujambio A, Lowe SW. The microcosmos of cancer. Nature 2012; 482(7385): 347–355.
93. Peinado H, Ale�ckovi�c M, Lavotshkin S et al. Melanoma exosomes educate bone

marrow progenitor cells toward a pro-metastatic phenotype through MET. Nat
Med 2012; 18(6): 883–891.

94. Roccaro AM, Sacco A, Maiso P et al. BM mesenchymal stromal cell-derived exosomes
facilitate multiple myeloma progression. J Clin Invest 2013; 123(4): 1542–1555.

95. Kim JW, Wieckowski E, Taylor DD et al. Fas ligand-positive membranous vesicles
isolated from sera of patients with oral cancer induce apoptosis of activated T
lymphocytes. Clin Cancer Res 2005; 11(3): 1010–1020.

96. Liu C, Yu S, Zinn K et al. Murine mammary carcinoma exosomes promote tumor
growth by suppression of NK cell function. J Immunol 2006; 176(3): 1375–1385.

97. Clayton A, Mitchell JP, Court J et al. Human tumor-derived exosomes down-
modulate NKG2D expression. J Immunol 2008; 180(11): 7249–7258.

98. Costa-Silva B, Aiello NM, Ocean AJ et al. Pancreatic cancer exosomes initiate pre-
metastatic niche formation in the liver. Nat Cell Biol 2015; 17(6): 816–826.

99. Hoshino A, Costa-Silva B, Shen T-L et al. Tumour exosome integrins determine
organotropic metastasis. Nature 2015; 527(7578): 329–335.

100.Gupta D, Treon SP, Shima Y et al. Adherence of multiple myeloma cells to bone
marrow stromal cells upregulates vascular endothelial growth factor secretion:
therapeutic applications. Leukemia 2001; 15(12): 1950–1961.

101.Kumar S, Witzig TE, Timm M et al. Bone marrow angiogenic ability and ex-
pression of angiogenic cytokines in myeloma: evidence favoring loss of mar-
row angiogenesis inhibitory activity with disease progression. Blood 2004;
104(4): 1159–1165.

102.Sequist LV, Soria J-C, Goldman JW et al. Rociletinib in EGFR -Mutated Non–
Small-Cell Lung Cancer. N Engl J Med 2015; 372(18): 1700–1709.

103.Hao TB, Shi W, Shen XJ et al. Circulating cell-free DNA in serum as a biomarker
for diagnosis and prognostic prediction of colorectal cancer. Br J Cancer 2014;
111(8): 1482–1489.

104.Tie J, Kinde I, Wang Y et al. Circulating tumor DNA as an early marker of thera-
peutic response in patients with metastatic colorectal cancer. Ann Oncol 2015;
26(8): 1715–1722.

105.Schiavon G, Hrebien S, Garcia-Murillas I et al. Analysis of ESR1 mutation in circu-
lating tumor DNA demonstrates evolution during therapy for metastatic breast can-
cer. Sci Transl Med 2015; 7(313): 313ra182–313ra182.

106.D’Arcangelo M, Margetts J, Greystoke A. The use of circulating biomarkers in
early clinical trials in patients with cancer. Biomark Med 2015; 9(10): 1011–1023.

107.Santiago-Walker A, Gagnon R, Mazumdar J et al. Correlation of BRAF mutation sta-
tus in circulating-free DNA and tumor and association with clinical outcome across
four BRAFi and MEKi clinical trials. Clin Cancer Res 2015; 22(3): 567–574.

108.Schwarzenbach H, Alix-Panabières C, Müller I et al. Cell-free tumor DNA in blood
plasma as a marker for circulating tumor cells in prostate cancer. Clin Cancer Res
2009; 15(3): 1032–1038.

109.Hughes AJ, Spelke DP, Xu Z et al. Single-cell western blotting. Nat Methods
2014; 11(7): 749–755.

110.Salvi S, Casadio V, Conteduca V et al. Circulating AR copy number and outcome to
enzalutamide in docetaxel-treated metastatic castration-resistant prostate cancer.
Oncotarget 2016; 7(25): 37839–37845.
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