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ABSTRACT

Circulating tumor cells (CTCs), circulating tumor DNA
(ctDNA), and messenger RNA (mRNA), collectively termed
circulating tumor products (CTPs), represent areas of
immense interest from scientists’ and clinicians’ perspec-
tives. In melanoma, CTP analysis may have clinical utility in
manyareas, fromscreeninganddiagnosis to clinical decision-
making aids, as surveillance biomarkers or sources of real-
time genetic or molecular characterization. In addition, CTP

analysis can be useful in the discovery of new biomarkers,
patterns of treatment resistance, and mechanisms of
metastasis development. Here, we compare and contrast
CTCs, ctDNA, and mRNA, review the extent of translational
evidence to date, and discuss how future studies involving
both scientists and clinicians can help to further develop this
tool for the benefit of melanoma patients. The Oncologist
2016;21:84–94

Implications for Practice: Scientific advancement has enabled the rapid development of tools to analyze circulating tumor cells,
tumor DNA, andmessenger RNA, collectively termed circulating tumor products (CTPs). A variety of techniques have emerged to
detect and characterizemelanomaCTPs; however, only a fractionhasbeenapplied to human subjects.This review summarizes the
available human data that investigate clinical utility of CTP in cancer screening, melanoma diagnosis, prognosis, prediction, and
genetic or molecular characterization. It provides a rationale for how CTPs may be useful for future research and discusses how
clinicians can be involved in developing this exciting new technology.

INTRODUCTION

Circulating tumor cells (CTCs), circulating tumor DNA (ctDNA),
and circulating messenger RNA (mRNA), collectively termed
circulating tumor products (CTPs), have attracted great
interest and investment. In 2014 alone, more than 600
publications searchable on PubMed described the diversity
of CTP-related isolation techniques, proof-of-principle find-
ings, and implications for human disease management and
clinical study design. In melanoma, several reviews have been
written to summarize the state of the art in CTP detection,
isolation, and genetic characterization, yet its potential
contributions to precision medicine remain uncertain [1–7].

Several important questions have yet to be answered.
What is the relativepotential clinical utilityofCTCs, ctDNA, and
mRNA? Can measuring these CTPs be used to detect new or
recurrent disease, or monitor response to therapy? What
clinical protocols need to be designed to demonstrate the

utility of these assays? Even if these trials are positive, will
these data lead to changes in current practice paradigms?

Melanoma serves as an important clinical and scientific
model for considering these issues. Melanoma is one of the
most frequentlydiagnosedcancers inmenandwomen living in
developed countries [8]. In contrast to the stable or declining
trends for most malignancies, incidence of melanoma has
significantly increased in the U.S. over the past decade
[9]. Melanoma, therefore, represents a significantly increas-
ing case load in clinical oncology. Additionally, the manage-
ment of melanoma lies at the forefront of the precision
medicine revolution [10–14]. Variation in prognosis and the
availability of powerful targeted therapies demands tools to
better define risk stratification, inform the optimal timing of
therapy initiation, and detect drug resistance. Melanoma’s
variability in surface marker expression poses a unique
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biological challenge to reliable detection, thus inspiring great
variation in CTC detection methodologies [1–3, 5–7]. On the
other hand, well-described, melanoma-specific DNA muta-
tions, such as BRAF (B-Raf proto-oncogene, serine/threonine
kinase) mutations, allow for ease in conducting proof-of-
concept studies. Therefore, the diversity of CTP detection
techniques and rapidly changing treatment paradigms make
melanoma an ideal model disease for discussing the potential
benefit and challenges of CTP assays in the clinic.

Here, we review existing data on CTP studies in patients
with melanoma and outline the key laboratory, clinical trial,
and commercialization considerations that may pave the way
toward a practice-changing technology. Althoughwe highlight
the utility of CTCs, ctDNA, and mRNA in various clinical
applications, we do not directly compare the three, as they are
not mutually exclusive technologies and their emergence in
clinical medicine may very well overlap.

OVERVIEW OF CTCS, CTDNA, AND MRNA
Webriefly reviewthe techniques involved in isolatingeachCTP
(Fig. 1), focusing on their potential for clinical application
(Table 1). Ideally, CTPs must demonstrate strong test
characteristics of high sensitivity and specificity, high negative
or positive predictive value, robustness and reliability, re-
producibility, and cost-effectiveness. While detailed compar-
isons between methodologies are outside the scope of this
review,thishasbeenexcellentlyanalyzedbyRodicetal. in2014
[2], Nezos et al. in 2011 [5], and Medic et al. in 2007 [4].

Circulating Tumor Cells
CTCsare intact cells shed fromtheprimary tumoranddetected
within peripheral blood samples. In patients with melanoma,
thenumberofdetectedCTCs range from0tomorethan10,000
CTCs per 10mL of blood [3, 15, 16]. In the same blood sample,
there may be approximately 100 million leukocytes and 50
billion erythrocytes. Therefore, CTC assays face technical
challenges of removing the overwhelming population ofwhite
and red blood cells while positively selecting for CTCs.

Rodic et al. recently published a systematic review of
CTC detection in melanoma, categorizing isolation strategies
into marker-dependent and marker-independent techniques
(Fig. 1A, 1B) [2]. Marker-dependent strategies usemelanoma-
specific surface antigens and immunomagnetic beads to
positively select for melanoma CTCs in blood. Surfacemarkers
such as high molecular weight melanoma-associated antigen
(HMW-MAA), also known as melanoma-associated chondroi-
tin sulfate proteoglycan (MCSP), CD146 or melanoma cell
adhesion molecule (MCAM), and ATP-binding cassette sub-
family B member 5 (ABCB5) are used either in isolation or
combination to facilitate CTC capture [16–22]. In contrast,
marker-independent strategies capitalize on CTCs’ physical
properties of size and density. Size-based isolation techniques,
such as isolation by size of epithelial tumor cells (ISET), use a
porous filter to trap large cells (larger than 8mm) regardless of
surface marker expression. The cells can be evaluated for
mRNA or DNA mutations or transferred onto a slide for
immunohistochemistry (IHC) evaluation [23–25]. Density-
based techniques use Ficoll-hypaque or Oncoquick centrifu-
gation separationmedia to enrich for a layer of cells containing
CTCs, suitable for further isolation [15, 26, 27].

What are the particular features of CTCs that may bemost
useful in the clinic (Table 1)? First, CTCs are intact cells. Among
all CTPs, intact CTCs are the closest representation of “human
tissue” compatible with IHC and traditional pathology
protocols. Furthermore, CTCs may be pooled or analyzed as
singlecells to facilitate furtherunderstandingofCTCgenomics,
transcriptomics, andevenproteomics.Thesecharacterizations
of single CTCs, however, are prone to the pitfalls of tumor
heterogeneity and sampling bias [28]. Clinical protocols such
as tracking non-small cell lung cancer evolution through
therapy (TRACERx) may help define expectations for hetero-
geneity in CTC analyses [29]. The study prospectively follows
patientswith lungcancer throughmultiregionand longitudinal
tumor sampling, seeking to evaluate concordance between
CTCs and the genetic composition of sampled metastases.
Given the longitudinal natureof the study, the resultsmayhelp
inform the prevalence of CTC heterogeneity as a function of
time, treatment, and treatment resistance.

CTCs are also thought to have the potential to seed
metastases and, therefore, are valuable for metastasis re-
search and identification of new therapeutic targets [3, 15].
Evidence demonstrating this causal relationship in melanoma
and other human malignancies is limited, in part because of
slowly maturing technologies in CTC identification and
isolation [30]. In breast cancer, human CTCs have been found
to give rise to bone, lung, and liver metastases in mice [31].
Small cell lung cancer CTCs have also been shown to produce
CTC-derived explants in nude mice [32]. However, more
research is needed toestablish theputative causal relationship
between CTCs andmetastases. An important step toward this
end is to differentiate live, dead, or dying cells, and identify
subpopulations of CTCs relevant in metastasis research [3].

Circulating Tumor DNA
ctDNA refers to circulating DNA fragments containing cancer-
specific mutations that are detectable in peripheral blood
samples (Fig. 1) [33–35]. The major challenges in identifying
ctDNA are in detecting low levels of ctDNA, accurate
quantification, and differentiating tumor DNA from normal
cell-free DNA circulating in the blood stream.

Diaz and Bardelli recently reviewed the state of the art in
ctDNA detection [35]. They describe an evolution of DNA
analysis technologies to accurately interrogate small frag-
ments of DNA [35–38]. Approaches include massively parallel
paired-end sequencing [39–44] and recently published tech-
niques such as tagged-amplicon deep sequencing [45], cancer
personalized profiling by deep sequencing [33], and droplet
digital polymerase chain reactions (PCRs) [34, 46]. These
strategies allow the extraction of a varietyof personalizeddata
about genomic alterations, including copy number variations,
point mutations, rearrangements, and methylation patterns.

Compared with CTCs, ctDNA is easier to isolate using
existing clinical protocols (Table1).Manycommonblood tests,
such as serum cholesterol or glucose levels, are already
performedvia commercially available serumseparation tubes.
Therefore, ctDNA analysismay integrate easily into the clinical
laboratory workflow. Although ctDNA detection precludes
single cell analysis, it may reveal important information about
tumor heterogeneity. For example, serial sampling of ctDNA
from patients with metastatic cancer may provide a means to
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survey the overall genetic composition ofmultiplemetastases
without requiring multiple biopsies [47, 48]. This may lead to
downstream identification of candidate treatment resistance
genes to facilitate research in drug resistance.

Amajor limitationof ctDNAanalysis is its requirement for a
priori knowledge of abnormal DNA sequences. The potential
for discovery of newgenetic abnormalitieswith therapeutic or
prognostic implications is, therefore, restricted.While ctDNA is
thought to be primarily derived from the solid tumor with a
small fraction, if any, from CTCs, it is also possible that ctDNA
may derive from noncancerous dysplastic tissues or any
number of metastatic deposits. Therefore, conclusions made
from ctDNA analysis hinge upon the reliability with which the
primary tumor is the main source of the ctDNA and reflects

changes in overall disease burden, drug sensitivity, or drug
resistance.

mRNA
mRNA analysis is predicated on extracting RNA from the
mononuclear layer of peripheral blood samples, composed of
white blood cells and CTCs (Fig. 1) [49]. Sensitivity for
melanoma, as opposed to circulating melanocytes, standard-
ization of the choice of mRNA biomarkers, and agreement on
clinically relevant thresholds remain consistent challenges for
this approach [50, 51].

Since this technique was first described by Smith et al. in
1991, using tyrosinase mRNA PCR analysis, several additional
candidate mRNA biomarkers have been proposed, including

Figure 1. Overview of circulating tumor cell (CTC), ctDNA, and mRNA isolation techniques. Negative selection applied to whole blood
removes RBCs and CD-45-expressing leukocytes. After separation of blood components, ctDNA can be extracted from plasma (yellow
layer). The mononuclear layer (white layer) can be used for ctDNA, mRNA, or CTC extraction (illustrated in the box labeled Cell-Based
Techniques). CTC detection and isolation can result in downstream IHC analysis, single cell isolation, andDNAandmRNAanalysis. Lane A:
Surface-marker dependent detection methods use antibodies against melanoma-specific surface marker antigens. Antibodies may be
linked to ferrous beads for magnetic pull-down or fluorescent proteins for visualization.White blood cells (WBCs) are represented in the
illustration by a small gray cell. Lane B: Surface-marker independent detectionmethodswhereby CTCsmay be captured alongwithWBCs
on a fine porous barrier.This is termed the ISET, or isolation by size of epithelial tumor cells, method. Lane C: A telomerase live-cell assay
applied to CTCs and WBCs causes cells with elevated telomerase promoter activity to produce high levels of green fluorescent protein.

Abbreviations: ctDNA, circulating tumor DNA; IHC, immunohistochemistry; RBC, red blood cell.

Table 1. Comparison of CTCs, ctDNA, and mRNA

Characteristic CTCs ctDNA mRNA

Origin CTCs Primary tumor, metastatic
tumors, or CTCs

Primary tumor, metastatic
tumors, or CTCs

Prognostic or predictive potential Yes Yes Yes

Ability for genetic characterization Yes Yes Yes

Ability for transcriptional characterization Yes No Yes

Ability for molecular characterization Yes No No

Unique features Intact cells, closest
representation to metastases

Ease of acquisition and
durability of DNA

Ease of acquisition
and scalability

Abbreviations: CTC, circulating tumor cells; ctDNA, circulating tumor DNA.
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melanoma antigen recognized by T cells (MART-1), gp-100,
melanoma-associatedantigen3 (MAGE-A3), pairedbox3 transcrip-
tion factor (PAX3), and b-1,4 N-acetylgalactosaminyltransferase
(GalNAc-T) in various combinations [2, 4, 20, 21, 50, 52–57]. Even
within the John Wayne Cancer Institute Group, who used this
techniquewith two internationalmulticenter trials published in the
sameyear, the choiceof biomarker cocktail has not been consistent
[56, 57]. However, research groups tend to agree on the basic
principles of the technique. Red blood cells in peripheral blood
samples are lysed and RNA is extracted from the remaining intact
cells,consistingpresumablyofwhitebloodcellsandCTCs.TheRNAis
converted to complementary DNA (cDNA) using reverse transcrip-
tion. A cocktail of PCR primers for any of the abovementioned
biomarkers is then added to cDNA and subsequently analyzed in
quantitative PCR amplification.

The primary strength of mRNA analysis is its ease of
acquisition and scalability (Table 1). reverse transcriptase
PCR studies have already been successfully embedded in
international multicenter clinical trials involving more than
1,000 patients in total [54, 56, 57]. However, mRNA analysis
has not yet been used to identify key genetic abnormalities
in melanoma, such as BRAF, c-Kit, and PTEN (phosphatase
and tensin homolog). Unlike ctDNA isolation, RNA analysis
has not provided clues as to differential protein amplifica-
tion or expression profiles present among individuals with
melanoma. A concerning study using tyrosinase mRNA as a
biomarker found positive signal in a patient with a benign
congenital nevus, bringing into question the specificity of
tyrosinase and other melanocytic markers that serve as
surrogates for CTCs [51]. Because of the long-term instability of
RNA and cDNA when stored in freezers, the potential for using
extracted products for downstream analysis and future
applications is limited toapproximately1year [49]. Inaddition,
it is unclear to what extent these RNA products are derived
fromCTCsandnot solid tumor. Even if theyareCTCderivatives,
whether these RNA products are derived from live or dying
cells remains a further important question.

APPLICATIONS TOWARD MELANOMA DIAGNOSIS

Screening
Cancer screening, especially through the use of a noninvasive
blood test, is of great interest to translational researchers,
public health workers, policy makers, clinicians, and patients
alike.CTPscanhavehigh sensitivity forearly-stagedisease, and
studies have successfully described the ability to detect ctDNA
or mRNA in early-stage melanoma and other cancers [44, 53].
The implicationsareenormous, asmanycancers suchasovarian
and pancreatic carcinomas tend to present clinically in later
stages andmay serve to benefit the most from early detection.

Considering current and past candidate cancer-screening
tests, we learn that the barriers to implementation are quite
high because of intense scrutiny over the cost-benefit ratio for
these tests. The prostate-specific antigen test is the subject of
unyielding controversy between the potential survival benefit
of detecting prostate cancer and the harm of overdiagnosis
and overtreatment [58]. Other important and well-known
biomarkers, such as CA-125, CA19-9, and carcinoembryonic
antigen are expressly not recommended for use in cancer

screening because they fail tomeet specificity requirements.To
meet criteria fora screeningbiomarker, large-scale studiesneed
to be conducted to demonstrate cost-effectiveness, improve-
ment in disease outcomes as a result of early detection, reliable
test performance, and technology scalability.

Melanoma, however, is already detected at an early stage
becauseof increasedpublic awareness anduseof regular skin
checks. Melanoma is less likely to benefit from an additional
biochemical screening test compared with other malignan-
cies that present more frequently at an advanced stage, such
as ovarian and lung cancers. Therefore, the consideration for
CTPs as screening biomarkers relies not only on the test
performance and scalability, but also on the chosen disease
sites for which cost-effectiveness analysis is performed.

Diagnostics
Another topic generating great enthusiasm is the potential for
CTPs to aid in cancerdiagnostics. Importantly, cancerdiagnostics
havebeentraditionallyperformedusingtissuesamplesobtained
after visual or radiographic observation of abnormal masses.
Without the ability to obtain tissue and stain for tumor-specific
markers, the diagnosis of cancer is typically limited to radiologic
appearance, locationofdisease, andclinical experience alone. In
current clinical practice among oncologists, pathologists, and
radiologists, there remains a strongpreference for tissue and the
visualization of tumor-specific staining as necessary criteria for
cancer diagnoses and subsequent treatment.

Among CTPs, only intact CTCs fixed to slides are able to
satisfy the minimal requirements for cancer diagnosis—the
presence of tissue that can be subjected to staining for tumor-
specific antigens (Fig. 2). However, no studies have yet
investigated CTCs in melanoma diagnosis. While circulating
mRNA can be found in patients with early-stage disease [53],
the potential of mRNA or ctDNA as a diagnostic tool seems
limited because of the incompatibility of this technology with
commonly used methods for melanoma cancer diagnosis.

An important and emerging alternative application
of CTPs to diagnostics is the ability to corroborate
radiologic findings in the subset of patients for whom
tissue biopsy is unsafe.

An important and emerging alternative application of CTPs
to diagnostics is the ability to corroborate radiologic findings
in the subset of patients for whom tissue biopsy is unsafe.
For instance, consider the frail patient with prior history of
melanoma resection who presents with new development
of multiple subcentimeter radiographic findings thought to
represent lung or brain metastases. In this scenario, if an
alternativemethod such as CTCs, ctDNA, ormRNA can reliably,
sensitively, and specifically confirm the presence of cancer,
there may be an important role for CTPs in diagnostics.

DIRECTING CLINICAL DECISION-MAKING

In light of the increased complexity of treatment options for
patients with melanoma, particularly the advent of novel
immune and checkpoint antibody treatments, the need for
newbiomarkers todirect clinical decisionmaking inmelanoma
is great [59].
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CTPs as Prognostic Biomarkers
CTCs are already U.S. Food and Drug Administration approved
as overall survival (OS) and progression-free survival (PFS)
prognostic biomarkers in prostate, breast, and colon cancer
[60–62]. In melanoma, the majority of studies analyzing
patient samples also seek to make conclusions about the
prognostic value of CTCs, ctDNA, and mRNA (Table 2).

Many groups have already shown statistically significant
associations between the detection of CTPs and poor clinical
outcomes in OS and PFS (Table 2). Sample sizes for these
studies tend to be small, so findings should be considered
cautiously optimistic and still investigational. Even in studies
with largesample sizes (n.200), results shouldbe interpreted
with caution, as these studies pooled patients from both arms
of multicenter therapeutic clinical trials. Thus, the OS and PFS
rates may not be reflective of prognoses expected with
standard treatment [55–57].

The added value of CTP prognostic information is an
important consideration for application in clinical melanoma

management. Melanoma already has a number of validated
histological, clinical, and blood-based prognostic biomarkers.
CTP prognostic claims, therefore, must compete with existing
metrics for physician adoption and, importantly, insurance
coverage. This is illustrated in the example of the CellSearch
CTC platform (Janssen Diagnostics, Raritan, NJ, https://www.
cellsearchctc.com) in metastatic breast cancer. Despite valida-
tion of prognostic utility, the added clinical value is limited [60,
63, 64]. This has been directly expressed in Medicare local
coverage determinations not to cover CTC analyses and is
indirectly evident in differential coverage decisions by private
insurance companies across the U.S. [65, 66].

Another important application of CTPs as prognostic
biomarkers lies in the correlation between CTPs and traditional
prognosticators such as stage and disease volume [22, 53–55].
Ofparticularuse toclinicalmelanomamanagement istheability
to further risk stratifypatientswith stage II (sentinel lymphnode
negative)disease intogroupsof lowandhighrisk for recurrence.
While studies have shown direct mRNA analysis of sentinel
lymph nodes can lead to upstaging of disease and offer
prognostic value, this finding has not been corroborated using
CTPanalysis in peripheral blood draws [67, 68]. CTP trendshave
also been used as markers of disease burden, response to
therapy, and predictors of clinical outcomes (Fig. 3A) [17, 20].
These trends may be especially helpful in diseases for which
radiographic imaging isdifficult to interpret in thepostoperative
or postradiation setting (i.e., pseudoprogression vs. true
progression after immunotherapy in patients with melanoma).
Figure 3B illustrates the benefit of CTP analysis in evaluating
pseudoprogression in glioblastoma.

CTPs as Predictive Biomarkers
CTPpredictive potential for therapeutic outcome is perhaps its
most compelling clinical application. This has been most
recently modeled by the Oncotype DX assay for breast cancer
(Genomic Health, Redwood City, CA, http://www.oncotypedx.
com) [69–71]. Initially marketed as a prognostic biomarker
[72], its transition to a predictive biomarker [73–75] for
response to chemotherapy has contributed significantly to its
increasing use among clinicians [76]. Thus, to appeal more
strongly to clinicians, CTP studies should seek to progress from
prognostic to prediction studies.

Few predictive studies have been reported in melanoma
CTP-relatedpublications.The presence of ctDNA in the formof
methylated RASSF1A (Ras association domain family 1) or loss
ofheterozygosity atmicrosatellite regionshas shownpotential
utility inpredicting response tochemotherapyand/or immune
modulating therapy [77, 78]. In another study of CTC trends in
patients with melanoma who were treated with vemurafenib
(n 5 8), a decrease in CTC counts was associated good
treatment response [17]. Such studies have been limited by
small sample size and more patients are needed to elucidate
the predictive value of CTP assays.

Among other disease sites, such as breast cancer, several
international interventional clinical trials have been initiated
to determine the predictive value of the CellSearch CTC
enumeration platform (Table 3) [64]. The SWOG500 study,
which opened for accrual in 2006, was the first clinical trial
incorporating CTCs as a biomarker to inform treatment-arm
stratification. This randomized phase III trial for metastatic

Figure 2. Schematic of apotential cancerdiagnosis strategyusing
circulating tumor cells (CTCs) as stainable tissue. (A): Patients’
blood samples are centrifuged and the monolayer of CTCs and
WBCsarecollected. (B):AfterThinPreptransferontoamicroscope
slide, H&E stain is applied. In this proof-of-concept example,
cultured cancer cells are spiked into control blood samples and
identified after H&E staining. Inset 1 demonstrates a tumor cell
adjacent toabenignand smallWBC. Inset 2demonstrates a tumor
cell adjacent to 2 WBCs. Scale bars5 50 mm.

Abbreviation: WBC, white blood cell.
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breast cancerwas designed todeterminewhether persistently
high CTC levels ($5 CTCs per 7.5 mL) after the first cycle of
chemotherapy could indicate disease progression, and to
determine whether an early switch to alternative chemother-
apy would result in improved prognostic outcomes [63]. Early
reported results redemonstrated the prognostic value of
baselineCTCsbutdidnot showimprovement inoverall survival
from switching chemotherapies early.This study’sweaknesses
include the heterogeneity of chemotherapy regimens allowed
on the trial, poor outcomes of salvage chemotherapy regard-
less of switching treatment regimens, and lack of prior
evidence that CTC values 3 weeks after treatment initiation
can reliably assess treatment response. More studies are
needed to determine how CTCs may offer the most predictive
value. Three ongoing international clinical trials continue to
investigate the association between CTC counts and surface
marker expression profiles (i.e., human epidermal growth
receptor 2 [HER2] expression) that may be associated with
treatment response. Similarly designed predictive trials
represent important next steps for melanoma CTP studies.

CTPs May Provide Genetic and
Molecular Characterization
The ability to characterize a tumor’s changing genetic and
molecular features offers valuable implications in precision
medicine from clinical trial design to risk stratification and
treatment response prediction [80]. In breast cancer, for
example, CTC clinical trials are currently prescribing HER2
inhibition therapy to otherwise HER2-negative breast cancer
patients on the basis of CTC analyses identifying HER2
positivity (Table 3) [79]. Inmelanomamanagement, the utility
ofgenetic andmolecular characterization is equally important,
if notmore so, because of the increased availability of targeted
agents against BRAF and mitogen-activated protein kinase
kinase (MEK), as well as other immunotherapies [10–14].

Genetic characterization has been widely achieved in
melanoma CTP studies (Table 4). A subset of known
melanoma-associated mutations with therapeutic relevance,
such as BRAF V600E and Kirsten rat sarcoma viral oncogene
homolog (KRAS), has been identified via CTC isolation and in
ctDNA studies [18, 21, 27, 44, 46, 81]. Additional genetic

Table 2. Evidence suggesting prognostic significance of CTCs, ctDNA, and mRNA in patients with melanoma

CTP and detection method Findings Ref.

CTC

Marker dependent: MCSP, MCAM,
ABCB5, CD271

Decreasing CTC trend associatedwith response to treatment
and prolonged OS in patients treated with vemurafenib.
Baseline CTC numbers not prognostic in OS/PFS for patients
treated by surgery, vemurafenib, ipilimumab, or dacarbazine

[17]

Marker dependent: HMW-MAA via
CellSearch

Baseline CTC level$2 CTCs/7.5 mL associated with shorter
median OS in univariate and multivariate analysis [16, 20]

[16, 20, 22]

$1 CTC/7.5 mL shortens PFS and OS in univariate analysis,
not significant in multivariate analysis [22]

Marker dependent: Negative selection
(CD45 and RBC depletion), cytospin, and IHC

Near statistically significant association between increased
CTC counts and decreased OS (p5 .12)

[85]

Marker independent: Oncoquick plus
telomerase probe

Trend toward statistically significant association between
increased CTC counts and disease progression (p5 .21)

[27]

ctDNA

Bidirectional PAP Low levels of ctDNA associated with longer PFS and OS in
univariate and multivariate analysis

[22]

Methylation-specific PCR Hypermethylation of RASSF1A associated with shorter OS
in univariate and multivariate analysis

[77]

PCR Loss of heterozygosity at DNA microsatellites associated
with disease progression and OS

[78, 82, 84]

mRNA

MART-1, MAGEA3, PAX3 .0 biomarker detected at pretreatment significantly
associatedwithdecreasedDFSandOS inmultivariateanalysis

[56]

Serial presenceof CTCs (.0biomarkerdetected) significantly
associated with decreased DFS and OS

MART-1, MAGEA3, GalNAc-T Baseline CTC level ($2 biomarkers detected) significantly
associated with decreased DFS, recurrence-free survival,
and melanoma-specific survival in multivariate analysis

[62]

MART-1, GalNAc-T, MAGEA3, PAX3 Increasednumberof biomarkers significantly associatedwith
decreased relapse-free survival and OS

[54]

Tyrosinase, p97, MUC-18, MAGEA3 Number of markers correlated with disease stage. Increased
number of positive markers significantly associated with
disease recurrence.

[98]

Abbreviations: ABCB5, ATP-binding cassette subfamily B member 5; CTC, CTC, circulating tumor cells; ctDNA, circulating tumor DNA; CTP, circulating
tumorproduct;DFS, disease-free survival;GalNAc-T,b-1,4N-acetylgalactosaminyltransferase;HMW-MAA,highmolecularweightmelanoma-associated
antigen; IHC, immunohistochemistry; MAGEA3, melanoma-associated antigen 3; MART-1, melanoma antigen recognized by T cells; MCAM, melanoma
cell adhesion molecule; MCSP, melanoma-associated chondroitin sulfate proteoglycan; OS, overall survival; PAP, pyrophosphorolysis-activated
polymerization; PAX3, paired box 3 transcription factor; PCR, polymerase chain reaction; PFS, progression-free survival; RASSF1A5 Ras association
domain family 1; RBC, red blood cell; Ref., reference.
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studies have identified genomic changes with potential
relevance as biomarkers, such as hypermethylated DNA and
loss of heterozygosity at DNA microsatellite regions [77, 78,
82–84].However,manyCTCstudiesdonot visually confirm the
presence of CTCs prior to DNA extraction and analysis [18, 21,
85]. This may be motivated by ease of harvesting genetic
material, but it also compromises the assurance that the
detected mutations are derived from intact circulating cells.
Currently, the only mechanism of isolating intact melanoma
CTCs for DNA extraction and analysis is throughmicrocapillary
dissection [19, 27].

The identification of melanoma-specific genetic and
molecular mutations has primarily served as proof-of-concept

findings inmanyCTC and ctDNA studies, but these changesmay
also have potential prognostic and predictive significance [77,
78, 82–84]. For example, a CTP analysis that detects mutations
(e.g., epidermal growth factor receptor [EGFR] T790M) or
molecular changes (e.g., downregulation of programmed
death-ligand 1 [PD-L1]) related to drug resistancemaymotivate
earlier initiation of next-line therapy. Or, CTP analysis may
identify patients who are eligible for targeted therapies when
previous biopsies demonstrated they were ineligible (e.g.,
biopsy to CTP conversion fromHER22 to HER21 or PD-L12 to
PD-L11) [79]. Serving as a noninvasive biopsy of genetic and
molecular changes, CTPs may, therefore, be helpful in
illuminating new drug sensitivities or resistances.

Figure 3. CTC levelsmaycorrespond todiseasestatus. (Aa): Illustrationof therapeutic response in apatientwithmetastaticmelanomawho
was treated with vemurafenib (reproduced from Klinac et al. [17], original vertical display edited to horizontal). Left panel: Representative
images of the positron emission tomography scans before and during vemurafenib treatment.The arrow indicates lymph nodemetastasis
detectedprior to treatmentandacompletemetabolic response2monthsafter treatment.Rightpanel: Reduction in thenumberofCTCs in4
mLofwholebloodinthesamepatient.Atotalof12mLofbloodwascollectedateachtimepoint(three4-mLtubes). (Ab):Thegraph illustrates
the number of CTCs found in each of the three blood samples and themedian for each time point. (B): CTC trends differentiating between
progressive disease and pseudoprogression in two patients with glioblastoma (reproduced with permission from MacArthur et al. [95]).
Magnetic resonance imaging (MRI)was performedwithin 2weeksprior to initiationofRTand approximately 1month following completion
of treatment.CTC results (givenasnumberofCTCspermL) arebelowtheaxialMR imageat the respective timepoints. Redarrows indicate a
left thalamic lesionprior to and followingRT (left panels).The inset boxdelineatedby the dotted red line in the post-RT image demonstrates
the tumorareaof interest and theassociatedadvancedMRI relative cerebral bloodvolumemap,whichconfirmedactive tumorprogression.
Bluearrows indicateMRsignal abnormality in themidbrain lesionandsurroundingareaonaxial viewprior toand followingRT (rightpanels).

Abbreviations: CTC, circulating tumor cell; LN, lymph node; Pat. 24, patient 24; RT, radiation therapy.

Table 3. Clinical trials investigating the predictive value of CTCs in breast cancers

Trial Hypothesis Finding

SWOGS0500 Persistent CTC elevation predicts disease progression
and justifies switching chemotherapy regimens

CTCs were prognostic but not predictive for
salvage chemotherapy outcomes

CirCe01 CTC trends predict treatment resistance Recruiting

DETECT III HER21 CTCs in patients with HER2-metastatic breast
cancer predict treatment response to HER2 inhibition

Recruiting

Treat CTC HER21 CTCs in patients with HER2-nonmetastatic
breast cancer predict response to HER2 inhibition

Recruiting

Abbreviations: CirCe01, Circulating Tumor Cells to Guide Chemotherapy for Metastatic Breast Cancer trial; CTC, circulating tumor cell.
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TUMOR MATERIAL AVAILABLE FOR FUTURE DISCOVERY

CTPsmayunlocknewunderstandingofmelanomaprogression
mechanisms that lead to the development of novel therapies
and decision-making tools. For example, CTCs may be used to
establish cell lines for long-termexperimentation.Althoughno
melanomaCTC cultures havebeen reported in the literature to
date, CTCs have been successfully isolated and cultured in
colon, gastric, and pancreatic cancers [86–88]. These are
important recent developments resulting from maturing CTC
isolation technologies. In the way that cultured human cancer
cell lines revolutionized cancer research, cultured CTCs may
have a profound impact on our understanding of cancer
dynamics, metastasis, and drug resistance, and may enable
identification of new drug targets.

In the absence of cell lines, emerging capabilities in
single-cell and small-sample analysis enables genet-
ic, transcriptional, and molecular discovery in CTPs.
Melanoma ctDNA studies have already identified
hypermethylation and loss of heterozygosity muta-
tions with prognostic significance.

In the absence of cell lines, emerging capabilities in single-
cell and small-sample analysis enables genetic, transcriptional,
and molecular discovery in CTPs. Melanoma ctDNA studies
have already identified hypermethylation and loss of hetero-
zygosity mutations with prognostic significance [77, 78, 82,
84]. Array-based analyses incorporating the most common
ctDNA mutations among all cancers may be used to identify
new associations between known mutations and cancer sites
[33]. A growing body of evidence is also evolving to define
changes that initiate survival in circulation and metastasis
development [30]. For example, several groups have de-
tected increased expression of mRNA regulating epithelial-
mesenchymal transition in CTCs from breast, colon, and head
andneckcancers [89–92]. Other studies in lung cancer suggest
survival in circulation and resistance to apoptotic stimuli may
be mediated by CTC clustering [93, 94]. Distinguishing among
live, dead, and dying cells may further facilitate ongoing
research in CTCs and metastases [3]. Importantly, a method-
ologyhasbeenpreviouslydescribedto isolate liveCTCsandhas
beeneffective formelanoma, glioma,bladder cancer, andnon-
small cell lung cancer [27, 95–97].The continueddevelopment
of this technique, along with other CTP analysis methods,
enables better understanding of tumor changes that accumu-
late over the course of treatment.

Table 4. Genetic data obtained from CTCs and ctDNA in patients with melanoma

CTP and detection method Finding Ref.

CTC

Marker dependent: MCSP, ABCB5, MAGEA3,
RANK by digital droplet PCR

Detect cancer mutations (e.g., BRAF) with high sensitivity
(77% concordance)

[18]

Marker dependent: 7 antibodies against CSPG4 CTCs isolated via capillary-based micromanipulator. CNV
analysis identified known and new genomic changes:
deletions of CDKN2A and PTEN, amplifications of TERT, BRAF,
KRAS,MDM2. Novel chromosomal amplifications of
chromosomes 12, 17, and 19 were also found.

[19]

Marker dependent: HMW-MAA via CellSearch Captured cells were first confirmed as CTCs using qRT-PCR,
then a second sample was used to detect BRAFmutation
in 81% of patients

[21]

Marker dependent: Negative selection (CD45
and RBC depletion), cytospin, and IHC

Performed microRNA analysis of CTCs using qRT-PCR, which
enriched microRNA 106a, 20a, and 21

[85]

Marker independent: ISET plus IHC No genetic testing done, but molecular phenotype assessed
through IHC, which found intrapatient and interpatient
heterogeneity in S100, Melan-A, MITF, MCAM, HMW-MAA,
CD271, and MAGEC1 expression

[25]

Marker independent: Oncoquick plus telomerase
assay

CTCs isolated usingmicrocapillary-assisted device,WGA, and
PCR for BRAF V600E mutation

[27]

ctDNA

Digital droplet PCR Circulating free BRAF V600E detected [46]

Massively parallel sequencing or PCR/ligation
method

Circulating free BRAF V600E, NRAS, and ALKmutations
detected

[44]

Serum PCR Circulating serum BRAF V600E detected [81]

Methylation-specific PCR Hypermethylation of RASSF1A, RAR2,MGMT detected [77, 83]

PCR Loss of heterozygosity at DNA microsatellites detected [78, 82, 84]

Abbreviations: ABCB5, ATP-binding cassette subfamily Bmember 5;ALK, anaplastic lymphoma receptor tyrosine kinase;BRAF, B-Raf proto-oncogene, serine/
threoninekinase;CDKN2A, cyclin-dependentkinaseinhibitor2A;CNV,copynumbervariation;CSPG4,chondroitinsulfateproteoglycan4;CTC,circulatingtumor
cell; ctDNA, circulating tumor DNA; CTP, circulating tumor product; HMW-MAA, highmolecular weight melanoma-associated antigen; IHC,
immunohistochemistry; ISET, isolation by size of epithelial tumor cells; KRAS, Kirsten rat sarcoma viral oncogene homolog; MAGEA3, melanoma-associated
antigen 3;MAGEC1,melanoma antigen family C1;MCAM,melanoma cell adhesionmolecule;MCSP,melanoma-associated chondroitin sulfate proteoglycan;
MDM2,MDM2 proto-oncogene, E3 ubiquitin protein ligase;MGMT, O6-methylguanine DNAmethyltransferase; MITF, microphthalmia-associated
transcription factor; NRAS, neuroblastoma RAS viral (v-ras) oncogene homolog; PCR, polymerase chain reaction; qRT-PCR, quantitative reverse
transcription-polymerasechainreaction;PTEN,phosphataseandtensinhomolog;RANK,receptoractivatorofnuclear factorkB;RAR-2,retinoicacidreceptor-2;
RASSF1A, Ras association domain family 1; RBC, red blood cell; Ref., reference; TERT, telomerase reverse transcriptase; WGA, whole-genome amplification.
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THE ROLE OF THE CLINICAL RESEARCHER

Clinician input into the development of CTP technologies is
critical. With such a diverse array of potential applications,
insight into the types of CTP outcomes that will address the
unmet needs in cancer management is extremely valuable.
Furthermore, incorporating CTPs as secondary or exploratory
outcomes in clinical trials may contribute significantly to the
literature around predictive and prognostic value of these
novel biomarkers. Clinicians are also likely able to foresee
paradigm hurdles, such as how the importance of tissue
staining in cancer diagnosismaypose barriers for the adoption
of ctDNA technologies in diagnostics. Therefore, clinicians can
offer valuable insight to the development of this technology
and should feel empowered to further investigate how CTPs
can benefit their patients in the future.

CONCLUSION
CTPs have strong potential to change the practice of
melanoma management. Several studies have established
their prognostic value, and future clinical protocols should be
designed to further elucidate the predictive or diagnostic
values of CTPs. As liquid biopsy specimens, CTPs offer the
exciting potential to evaluate real-time changes in tumor
genetics that confer new drug resistance or sensitivity. CTPs

also enable the discovery of novel biomarkers, drug targets,
and insight into the biology of melanoma metastasis. Given
the variety of practice-changing CTP applications, involving
clinical researchers to forecast and participate in the devel-
opment of this technology is critical.
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