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Simple Summary: Melanoma, like other solid tumors, releases DNA molecules that are referred to as
circulating tumor DNA (ctDNA), into the blood and other biological fluids. ctDNA analysis performed
with molecular biology techniques can provide important information on the aggressiveness of
the disease and its genetic characteristics. This review aims to highlight all the possible clinical
applications of ctDNA analysis that can contribute to an improvement in the diagnosis and therapy
of melanoma.

Abstract: Malignant melanoma accounts for about 1% of all skin cancers, but it causes most of
the skin cancer-related deaths. Circulating tumor DNA (ctDNA) testing is emerging as a relevant
tool for the diagnosis and monitoring of cancer. The availability of highly sensitive techniques,
including next generation sequencing (NGS)-based panels, has increased the fields of application
of ctDNA testing. While ctDNA-based tests for the early detection of melanoma are not available
yet, perioperative ctDNA analysis in patients with surgically resectable melanoma offers relevant
prognostic information: (i) the detection of ctDNA before surgery correlates with the extent and
the aggressiveness of the disease; (ii) ctDNA testing after surgery/adjuvant therapy identifies
minimal residual disease; (iii) testing ctDNA during the follow-up can detect a tumor recurrence,
anticipating clinical/radiological progression. In patients with advanced melanoma, several studies
have demonstrated that the analysis of ctDNA can better depict tumor heterogeneity and provides
relevant prognostic information. In addition, ctDNA testing during treatment allows assessing
the response to systemic therapy and identifying resistance mechanisms. Although validation in
prospective clinical trials is needed for most of these approaches, ctDNA testing opens up new
scenarios in the management of melanoma patients that could lead to improvements in the diagnosis
and therapy of this disease.

Keywords: ctDNA; melanoma; liquid biopsy; prognosis; prediction; patient stratification

1. Introduction

Melanoma is an aggressive and deadly disease that is responsible for the largest number of skin
cancer-related deaths, although it comprises less than 10% of skin cancers. The high mortality rate
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of melanoma is due to the late diagnosis and to the highly metastatic potential of melanoma cells,
which typically spread in different organs [1].

The therapeutic strategies for advanced melanoma have significantly improved in the past few
years thanks to the introduction of targeted agents and immune checkpoint inhibitors. More recently,
both targeted therapy and immunotherapy have shown to reduce the rate of recurrence in patients with
resectable, locally advanced disease. However, mechanisms of intrinsic and acquired resistance greatly
limit the activity of therapies in melanoma, especially in the most advanced phases of disease. For this
reason, the identification of non-invasive biomarkers could be key for facilitating early detection,
patient stratification, and monitoring the response and resistance to therapy.

The testing of circulating tumor DNA (ctDNA) is emerging as a relevant tool for the diagnosis
and monitoring of cancer [2]. Almost every tumor type releases DNA that can be isolated from the
peripheral blood or other body fluids. Increasing evidence suggests that ctDNA recapitulates the
genomic complexity of the tumor, and, therefore, it might represent a non-invasive tool for assessing its
genomic profile. In addition, the non-invasive or minimally invasive nature of ctDNA testing allows
repeated measurements over time, thus ensuring the possibility to evaluate the response to therapy and
to monitor the genomic evolution of the disease under the pressure of the therapies [3]. Importantly,
in patients with advanced disease and multiple localizations, the analysis of ctDNA might allow a
better profiling of the heterogeneity of the disease as compared to the testing of tumor tissue derived
from single metastases.

The availability of new methods for the genotyping of c¢tDNA and the development of next
generation sequencing (NGS)-based panels with increased sensitivity have significantly amplified
the applications of ctDNA testing in the management of cancer patients [4,5]. In this review, we will
describe and discuss the current knowledge as well as the potential and future applications of ctDNA
analysis in the different stages of melanoma, from early diagnosis to the genomic profiling of the tumor
and the monitoring of the response to therapy (Figure 1).
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Figure 1. Applications of circulating tumor DNA (ctDNA) analysis in melanoma.
2. Circulating Tumor DNA and Circulating Cell-Free DNA

Circulating cell-free DNA (cfDNA) is highly fragmented (~166 bp) double-stranded DNA that
freely circulates in body fluids including the plasma, serum, urine and cerebrospinal fluid. The release
of cfDNA from damaged or dead cells occurs in normal physiological conditions, with most of the
cfDNA being shed by white blood cells [6]. cfDNA has a relatively short half-life, ranging from 16 to
139 min.

An increase in cfDNA levels is observed in physiological conditions, as well as in pathological
conditions, including cardiovascular diseases, heart failure, infections and cancer [7]. In cancer
patients, a proportion of cfDNA, defined as ctDNA, comes from primary tumors, metastatic sites
and/or circulating tumor cells. The ctDNA is released into the systemic circulation as a result of
tumor cell apoptosis and/or necrosis, but the exact mechanism by which tumor cells release DNA
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is not yet fully clarified [2]. In the blood of cancer patients, ctDNA is only a fraction of the cfDNA,
which includes DNA released from non-tumor cells, cells of the tumor microenvironment, and other
cell types including stromal cells, endothelial cells and lymphocytes [7].

In this regard, the ctDNA fraction of the total cfDNA isolated from the peripheral blood can
vary from <1% to 90% and is generally correlated with the tumor burden, although the localization
of the tumor and the histological type might affect ctDNA release in the bloodstream (Figure 2) [8].
For this reason, the analysis of ctDNA in a background of cfDNA might be difficult, particularly in
early stage cancer.
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Figure 2. Circulating tumor DNA (ctDNA) reflects the genomic profile of different tumor localizations
in metastatic melanoma and better recapitulates the heterogeneity of the disease.

cfDNA can be isolated from different body fluids. When ¢fDNA is obtained from the peripheral
blood, plasma is preferred to serum, especially because the large amounts of wild-type DNA released
by white cell lysis during clotting can cause a further dilution of ctDNA. To prevent clotting and DNase
I activity, it is recommended to use ethylenediamine-tetraacetic acid (EDTA) tubes or tubes containing
formaldehyde-free preservative reagents for blood collection [9]. When EDTA-containing tubes are
used to collect blood, plasma separation must be performed within 4 h of drawing to prevent the lysis
of leukocytes [10,11].

3. Methods for cfDNA Testing

Because of the possible dilution of tumor DNA in normal DNA, highly sensitive methods
are needed to detect variants at low mutant allelic frequency (MAF) in the cfDNA. In this regard,
sensitive methodologies have been developed to detect and quantify rare variants in the blood of
cancer patients, with analytical sensitivity ranging between 0.005 and 5% [12]. These technologies
can be classified into three groups: quantitative PCR (qPCR), emulsion-PCR and massively parallel
sequencing, more commonly defined as NGS.

Melanoma most frequently harbors genomic alterations in BRAF, NRAS, KIT or NF1 [13,14].
In particular, several efforts have been made to develop technologies capable of detecting BRAF V600
variants in cfDNA, because of the availability in clinical research and clinical practice of drugs targeting
tumors carrying these mutations.

A number of different approaches based on qPCR have been developed in order to improve its
sensitivity for the analysis of rare variants. Allele-specific PCR (AS-PCR), allele-specific amplification
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refractory mutation system PCR (ARMS) and peptide nucleic acid (PNA)-based PCR have demonstrated,
in different studies, analytical sensitivity up to 0.001% for the detection of the BRAF-V600E mutation [15].

Comparing the performance of some qPCR tests in detecting mutant BRAF in the plasma from
stage Illc-1V melanoma patients, Denis et al. observed that the Therascreen BRAF RGQ kit (Qiagen) was
able to detect BRAF mutations in 73.7% of plasma samples from patients with BRAF-positive tumors.
Similar results were obtained with the ctBRAF Mutation Detection Kit (Entrogen), which showed a
positive percent agreement (PPA) of 68.4%. In all patients with wild-type BRAF tumors, the test was
negative for cfDNA with both techniques [16].

In a recent study, the Cobas BRAF/NRAS (Roche) mutation test was used to analyze the ctDNA
of 68 patients with stage III or IV melanoma. The test is an allele-specific, real-time PCR assay for
the qualitative detection and identification of exon 11 and 15 mutations in the BRAF gene and exon
2,3 and 4 variants of the NRAS gene from tumor tissue or plasma samples. The expected mutations
were detected in the plasma of 34/68 patients (50% sensitivity), and the results obtained by the Cobas
analysis were similar to those obtained by digital PCR (dPCR) [17]. Importantly, the sensitivity of the
test significantly correlated with the stage. In fact, 64% of the tumor-positive stage IV patients were
also positive at ctDNA analysis, while the sensitivity dropped to 19% for stage Il melanoma patients.
The specificity was 100%.

Recently, Biocartis (Belgium) developed a new fully automated platform, designated Idylla,
for detecting the major NRAS, BRAF, KRAS or EGFR mutations in either ctDNA or genomic DNA
isolated from tissue. The test allows the detection of BRAF V600 mutations in plasma with up to three
mutant copies per PCR reaction with an analytical sensitivity of 0.01% [18]. A 75% clinical sensitivity
has been reported in stage IV melanoma patients [19].

Emulsion-PCR-based methodologies, such as dPCR, droplet digital PCR (ddPCR) and BEAming
(which stands for beads, emulsion, amplification and magnetics) have a greater sensitivity as compared
with qPCR, overcoming the problems due to the low levels of ¢fDNA and the low MAF of the
variants [2,5]. In fact, BEAMing- and ddPCR-based assays can detect and enumerate mutant and
wild-type DNA at ratios greater than 0.01% [15]. An additional advantage of the ddPCR technique
is the lower sensitivity to clinically relevant inhibitors (SDS, EDTA and heparin) than qPCR [20,21].
A ddPCR BRAF-V600E test detected the variant in 84.3% of plasma-derived cfDNA obtained from
advanced melanoma patients [22], while a sensitivity >75% for the detection of BRAF-V600E/V600K
mutations in cfDNA was observed using a BEAMing-based assay [23].

Although qPCR and emulsion-PCR have a high sensitivity and specificity, both these methodologies
have the limitation of being able to interrogate only a few loci for analysis. Therefore, the use of these
techniques is limited to the screening of the most frequent known mutations. In addition, they cannot
provide information on the genetic evolution of the tumor that might be relevant for therapeutic
intervention, such as the identification of resistance mutations.

Many of these limitations are overcome by NGS, which is a high-throughput screening method
that allows the simultaneous analysis of multiple genes and the detection of novel alterations, including
low-frequency mutations. However, sensitivity represented, for a long time, a limiting factor for using
NGS to test cfDNA. In this respect, targeted-sequencing panels are more suitable compared with
whole-genome sequencing (WGS) or whole-exome sequencing (WES) due to their higher sensitivity,
and reduced turnaround time and cost [5]. Novel NGS technologies have been recently developed
for the specific analysis of cfDNA. These methods, by using molecular barcoding and improved
bioinformatics pipelines [24-27], can detect variants at MAF < 1%. Tagged-Amplicon deep sequencing
(TAm-seq), Safe-Sequencing System (Safe-SeqS), CAncer Personalized Profiling by deep sequencing
(CAPP-Seq), and Ampliseq are examples of NGS technologies used for the targeted sequencing of
cfDNA [4]. The limit of detection of these target panels depends on the quantity of cfDNA used for the
preparation of libraries. To obtain high-quality libraries, about 20-30 ng of cfDNA is recommended,
which can be commonly obtained from 4-5 mL of plasma.



Cancers 2020, 12,2914 50f 18

Targeted-sequencing panels of different sizes, from a few mutations to hundreds of genes,
are available both as a service and sold by different providers for independent laboratories [12].
Different labs developed custom NGS panels for cfDNA testing in melanoma patient. Although the
specificity of NGS panels has significantly improved over time, the concordance between cfDNA
and tissue testing ranges between 60% and 80% in most of the studies conducted in different tumor
types. Several factors, including sequencing artifacts, tumor heterogeneity and clonal hematopoiesis,
are involved in this relatively low concordance [28-30].

4. ctDNA for Early Detection of Melanoma

The chances of survival for melanoma patients significantly increase when the disease is diagnosed
at an early clinical stage. Therefore, the improvement of melanoma early detection methods is
fundamental for a proper management of this disease. However, several issues including the tumor
heterogeneity, the tumor growth dynamics and the timing of metastasis, as well as the feasibility
and cost of routinely applying liquid-biopsy techniques in clinical practice, make early detection
challenging [31].

In a study aiming to define whether BRAF V600E could represent a suitable marker for melanoma
detection, this mutation was identified only in ctDNA from stage III-IV melanoma patients, whereas,
in early stages, it was undetectable in the majority of the cases [32]. While technical improvements
might increase the sensitivity of mutation detection, the biology underlying ctDNA release and the
relative low specificity of genetic alterations found in melanoma might still limit its potential use for
early detection in an unselected population. For example, BRAF-V600 mutations are present in only
50% of melanomas, while they can be found in a number of different tumor types [33]. Prospective
studies might elucidate whether ctDNA analysis might be useful for monitoring melanocyte cell
transformation in individuals at high risk.

NGS-based technologies might improve the use of cfDNA testing for the early detection of
cancer. By testing a number of genetic alterations in a single analysis, these methods can significantly
increase the sensitivity of the test. However, the detection of genetic alterations in the cfDNA might
not have sufficient specificity for the early diagnosis of cancer. In this respect, the integration of
information deriving from cfDNA analysis with other circulating biomarkers might significantly
increase the sensitivity and specificity for the detection of melanoma in the early stages of development,
as demonstrated for other cancer types [34]. In addition, incorporating such data into multiscale
computational modeling platforms that can elaborate and integrate different types of information
might allow individualized prediction for different cancer types.

5. Prognostic Value of ctDNA Testing in Patients with Surgically Resectable Melanoma

A considerable fraction of patients with localized melanoma who undergo surgery with curative
intent experience a relapse of the disease. Local recurrence and distant metastasis in melanoma
patients are heavily dependent on tumor size. They occur in 50% of patients with a tumor thickness
larger than 4 mm [35], in regional lymph nodes (50%), as local recurrence (20%), or at distant sites
(30%) [36]. The recurrence of apparently localized disease following radical surgery and adjuvant
therapy (if administered) is likely due to the persistence of minimal residual disease (MRD), a potential
source of subsequent metastatic dissemination.

In this scenario, perioperative ctDNA testing in patients with surgically resectable melanoma
can offer different, relevant prognostic information: (i) the detection of ctDNA before surgery might
correlate with the extent and the aggressiveness of the disease; (ii) ctDNA testing after surgery and,
eventually, adjuvant therapy might identify MRD; (iii) testing ctDNA during the follow-up after
curative resection might detect a tumor recurrence at the molecular level, thus anticipating clinical or
radiological recurrence. Indeed, given the possibility of minimally invasive repeated sampling, ctDNA
testing can allow real-time monitoring during the course of the disease.
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The detection and monitoring of MRD are widely established in patients with hematological
malignancies [37]. More recently, several studies have shown that the perioperative detection of ctDNA
in colorectal, breast and lung cancer patients has a strong negative prognostic significance [38-40].

Similar findings have been reported in patients with high-risk stage IIl melanoma [41]. In particular,
pre-operative ctDNA levels were assessed by dPCR in 174 patients (119 in the discovery cohort and 55
in the validation cohort) with stage IIIl melanoma who underwent complete lymph node dissection.
Patients with a mutation in BRAF, NRAS or cKIT in tumor tissue were included in this study. ctDNA was
detected in 34% of the patients in the discovery cohort and 33% in the validation cohort. The presence
of ctDNA was significantly associated with tumor burden. More importantly, patients with detectable
ctDNA had worse melanoma-specific survival in both the discovery cohort (Hazard Ratio, HR, 2.11)
and the validation cohort (HR, 2.29), and this difference was confirmed via multivariate analysis
(HR, 1.85).

The prognostic value of pre-operative ctDNA detection was confirmed in an additional study that
enrolled stage III melanoma patients who were tested for ctDNA by dPCR [42]. However, this latter
study demonstrated that in patients who did not receive adjuvant therapy, the post-operative detection
of ctDNA was an even stronger predictor of shorter relapse-free survival (HR, 10). Interestingly,
serial ctDNA testing in a cohort of patients with post-operative negative ctDNA could detect somatic
mutations in plasma samples prior to clinical recurrence in 48% of the cases, with a 2 month median
lead time. Similar findings have been recently reported in a small cohort of melanoma patients whose
cfDNA was retrospectively analyzed [43].

The prognostic value of post-operative ctDNA testing was also explored in a retrospective analysis
of plasma samples from 161 stage II/III patients carrying either a BRAF or NRAS mutation in their
baseline-resected tumors. Patients with detectable ctDNA after surgery had a significantly increased
risk of death compared to those with undetectable ctDNA, with HR = 2.50 for overall survival (OS)
after adjustment for performance status [44]. The aforementioned studies are summarized in Table 1.

Table 1. Main studies that addressed the prognostic value of ctDNA testing in patients with early
(surgically resectable) melanoma.

AJCC Pre-/Post-Operative N. of

Target Genes Stage CtDNA Testing Patients Clinical Outcomes Reference
Presence of ctDNA associated
BRAZ,(%RAS, il Pre-operative 174 with tumor burden and worse Lee et al. [41]
melanoma-specific survival.
Pre-operative 99 - Pre- and post-operative ctDNA
detection correlates with shorter
BRAFE, NRAS, 111 RFS and DMEFS; Tan et al. [42]
TERT Post-operative 68 - Post-operative ctDNA is an
independent predictor of RFS
and DMFS.
BRAF, NRAS, . ctDNA detected at or before y
TERT 0-III Post-operative 30 disease recurrence. McEvoy et al. [43]
BRAE, NRAS T/ Post-operative 161 Presence of ctDNA predicts Lee et al. [44]

shorter DFI, DMFI and OS.

AJCC: American Joint Committee on Cancer; RFS: relapse-free survival; DMFS: distant metastasis-free survival; DFI:
disease-free interval; DMFI: distant metastasis-free interval; OS: overall survival; ctDNA: circulating tumor DNA.

Although the above-summarized findings suggest a possible prognostic role of cfDNA testing in
patients with resectable melanoma, these studies have several limitations. First, they included only
patients with known mutations in a limited number of genes, thus excluding those patients that carry
rare variants. In addition, while the specificity of the test is high, its sensitivity is relatively low because
a significant fraction of ctDNA-negative patients have recurrences of the disease. In this respect, the use
of NGS-based assays might increase the sensitivity of the test, being able to detect multiple mutations
at the same time. Alternatively, the NGS testing of tumor tissue could be used to identify an adequate
number of variants to test for in the cfDNA with highly sensitive dPCR-based assays.
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6. cfDNA Testing as Tool to Support Treatment Decisions in Metastatic Melanoma Patients

The availability of different therapies makes highly relevant the use of biomarkers to stratify
melanoma patients and identify the best therapeutic strategy for each individual patient. In this
respect, cfDNA testing can provide relevant information at different levels: (i) the genomic profile
of the disease and tumor heterogeneity, (ii) the prognosis, (iii) the response to therapy, and (iv) the
development of resistance mechanisms.

6.1. (fDNA Testing for Genomic Profiling and Assessment of Tumor Heterogeneity

The analysis of cfDNA might represent an alternative to tumor tissue testing for the detection
of predictive biomarkers. In this respect, a number of studies have demonstrated that qPCR and
emulsion-PCR-based techniques can detect BRAF and NRAS mutations in plasma-derived cfDNA

from patients with advanced melanoma (Table 2).

Table 2. Diagnostic performance of detecting BRAF and NRAS mutations in plasma using quantitative

real-time PCR and emulsion-PCR-based techniques.

Reference N. of AJCC stage Tissue mutation Method SPeColﬁClty Sens:hvuy
patients (%) (%)
- e BRAF V600E (n = 72) Digital PCR - 79.2
Ascierto etal. [45] o v BRAF V600K (1 = 19) (BEAMing Inostics) : 895
Sanmamed et al. [22] 20 eIV BRAF V600 (n = 20) Droplet digital PCR - 843
(Biorad)
BRAF V600E (n = 34)
Healthy patients (1 = 22) 100 647
BRAF V600K (n = 8)
Healthy patients (1 = 23) 100 875
B R
Gray et al. [46] 48 I\ - - roplet digita
NRAS Q61K (1 = 1) Healthy (Biorad) 100 100
patients (n = 19)
NRAS Q61R (n = 2) Healthy
patients (n = 13) 84.6 100
NRAS Q61L (n = 1) Healthy
patients (n = 12) 75 100
Gonzalo-Cao et al. [47] 2 v BRAF V600E (n = 22) GPCRLNA PNA clamp ; 57.7
(in-house)
) _ Digital PCR
Santiago-Walker et al. [23] 661 v BRAF V600E (n = 661) (BEAMing Inostics) 97.6 76.2
BRAF V600E (n = 20) - 80
BRAF V600K (n =2) .
Chang et al. [48] 43 M-IV NRAS Q61K (11 = 4) Dmpl?}tgilrgal;e)d PCR
NRAS Q61R (1 = 3)
NRAS Q61L (n = 2)
Schreuer et al. [19] 16 v BRAF V600 (n = 16) Idylla 100 75
(Biocartis)
Knol et al. [49] 29 lc-1V BRAF V600E (n = 29) Therascreen BRAF RGQ kit - 75.9
(Qiagen)
Therascreen BRAF RGQ 73.7
kit (Qiagen) :
. 1 BRAF V600 (n = 38) ctBRAF Mutation Detection 68.4
Denis et al. [16] 54 M-IV BRAF WT (1 = 16) Kit (Entrogen) 100 -
QuantStudio 3D system 58.8
(Life Technologies) !
T _ QuantStudio 3D system B
Tang et al. [50] 58 I-IT-11I-1V BRAF V600E (n = 58) (Life Technologies) 74.1
-~ BRAF V600 (n = 62) Digital PCR (BEAMing
Haselmann et al. [51] 187 1-1v BRAF WT (1 = 125) Inostics) 91.2 90.3
BRAF V600 (n = 10) 89 80
Long-Mira et al. [52] 19 v NRAS Q61/G12/G13 (n = 5) Idylla (Biocartis) 100 79
Double WT (n = 4)
BRAF V600 (1 = 68) - 47
o II-1V1a, IV1Db, : :
Seremet et al. [18] 85 IV-Mic NRAS Q67/G12/G13 (1 = 22) Idylla (Biocartis) . 275
BRAF V600 (n = 32) Cobas BRAF/NRAS -
Herbreteau et al. [17] 48 -1V NRAS (1 = 36) MutaFlun Test LSR B 50
kit (Roche)

AJCC: American Joint Committee on Cancer.
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The sensitivity of the test ranged from 37.5% to 100%, although some of these studies enrolled
a limited number of patients. By contrast, the specificity of the BRAF/NRAS testing of cfDNA was
reported in a few studies and ranged between 75% and 100%. Taken together, these studies suggest
that BRAF and NRAS mutations can be detected in the cfDNA from metastatic melanoma patients
with a good specificity and an acceptable sensitivity.

The sensitivity of the cfDNA test might be affected by the localization of the tumor. In fact, patients
with visceral, bone or lymph node involvement often display higher levels of ctDNA as compared
with patients with extensive subcutaneous disease or brain metastases [53]. In agreement with these
findings, the sensitivity of the BRAF/NRAS testing of cfDNA was found to correlate with the stage
of the disease (higher in stage IV as compared with stage III) and the number and type of metastatic
sites [17].

It has also been reported that the detectability of ctDNA is related to the nature of the mutated
gene. Herbretau described a sensitivity of the cfDNA test of 36% for NRAS mutations and 66% for
BRAF mutations [17]. In addition, mutations in the promoter region of the TERT gene were found at
lower concentrations in the cfDNA as compared with other driver mutations, suggesting that they
might be underrepresented in the cfDNA [54].

The sensitivity of cfDNA testing is also limited by the frequency of the mutant alleles in
the context of wild-type DNA derived from normal cells. On the other hand, in selected cases,
BRAF mutations have been identified through cfDNA analysis but not in the corresponding tumor
tissue [49]. Such ‘discordance is likely due to the heterogeneous expression of BRAF mutations in
melanoma cells.

It has been demonstrated that driver mutations, including BRAF mutations in melanoma, are often
clonal but can occasionally be subclonal [55]. This might lead to discordant results when different
sites of the disease or different areas of the same tumor lesion are analyzed. In agreement with this
hypothesis, discordant BRAF mutational statuses have been found between different sites of a primary
tumor (intratumor heterogeneity), between a primary tumor and metastases, and between different
metastases of the same patient [56,57]. In this scenario, the analysis of cfDNA is an approach that
allows identifying mutations present in all the tumor sites of a given patient, thus better representing
tumor heterogeneity [58]. Indeed, in cases with cfDNA positive for BRAF and BRAF mutation not
detected in tumor tissue, the testing of additional samples from a different tumor area confirmed the
presence of the BRAF variant [49].

Analysis of longitudinal samples from melanoma patients revealed that recurrent lesions might
show a different BRAF mutational status over time as a consequence of tumor heterogeneity [59]. In the
case of tumor relapse, the assessment of BRAF mutation status with a liquid biopsy might represent a
non-invasive approach to confirming the mutational status of the disease.

Because the BRAF-V600 mutations are the only approved biomarker in melanoma, the majority
of data on genome profiling with liquid biopsies are based on the use of assays specific for these
variants. However, NGS-based technologies might provide a better portrait of the genomic landscape
and heterogeneity of melanoma, which might be relevant for therapeutic purposes. For example, it has
been described that MITF and TP53 alterations are more frequent in patients with rapid progression of
the disease following targeted therapy, while NF1 alterations are more common in cases with complete
responses [60].

6.2. Prognostic Value of cfDNA Testing in Metastatic Melanoma

The identification of genetic alterations in cfDNA and the assessment of ctDNA levels before the
administration of any systemic treatment may provide important prognostic information for patients
with metastatic melanoma. In fact, a number of studies have demonstrated that high baseline levels
of ctDNA correlate with a worse prognosis in metastatic melanoma patients treated with targeted
therapy [22,23,45]. While the correlation between baseline ctDNA levels and survival is in line with
previous findings in other tumor types including lung and colon carcinoma, in melanoma patients,
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a correlation of ctDNA levels with the response to treatment has been also reported. For example, in the
phase II trial BREAK-2 enrolling BRAF-V600E/K metastatic melanoma patients to evaluate the clinical
activity and the safety of the BRAF inhibitor dabrafenib, a correlation was found between the basal
levels of BRAF-V600E in the cfDNA and tumor burden but not for the V600K variant, as assessed by
using BEAMing technology [45]. Interestingly, patients with higher basal levels of fDNA BRAF-V600E
mutation showed a lower response rate and a shorter progression free survival (PFS) when treated
with dabrafenib. In line with these findings, similar results were obtained in a larger cohort of 732
patients from four clinical studies of targeted therapy in metastatic melanoma (BREAK-2, BREAK-3,
BREAK-MB and METRIC). Patients negative for BRAF mutations in the cfDNA had longer PFS and OS
and higher rates of response to dabrafenib and trametinib, as compared with patients with detectable
cfDNA BRAF mutations [23]. In multivariate analysis, the presence of BRAF mutations in the cfDNA
was an independent predictive factor for shorter PFS in three out of four studies, and for shorter OS in
one study.

Studies in smaller cohorts of patients further confirmed these findings. The quantification with
ddPCR of mutant BRAF-V600E copies in cfDNA from 20 patients with metastatic melanoma showed
a direct relationship between the BRAF-V600E copy numbers and clinical outcomes, where basal
concentrations <216 copies/mL were significantly associated with better outcomes (OS = 27.7 months;
PFS = 9 months) as compared with higher concentrations (OS = 8.6 months; PFS = 3 months) [22].
However, Schreuer did not find any correlation between the baseline levels of BRAF mutations in
cfDNA and either survival or tumor responses in 25 patients receiving a combination of dabrafenib
plus trametinib [61]. Importantly, this latter study enrolled patients who progressed on a previous line
of therapy with a BRAF inhibitor, and the response rate was only 32%. The presence of a mechanism of
resistance to a targeted therapy might represent a confounding factor for the prognostic role of ctDNA.

The basal levels of ctDNA are also a relevant prognostic marker in patients treated with
immunotherapy. Seremet assessed ctDNA levels in 85 advanced melanoma patients using either the
Idylla assay or a ddPCR test [18]. They found that patients in which the ctDNA was not detectable
at baseline had longer PFS (HR, 0.47) and OS (HR, 0.37) as compared with patients with detectable
ctDNA. Furthermore, high ctDNA levels (>500 copies/mL) at baseline in the group of patients with
progressive disease were indicative of a very poor clinical outcome [18]. However, an additional study
exploring the prognostic role of ctDNA in melanoma patients receiving immune-checkpoint inhibitors
suggested that the dynamics of the ctDNA were better associated with outcome than was the baseline
ctDNA status [62].

Low baseline ctDNA levels were associated with higher response rates and longer PFS and OS in
studies that included cohorts of patients treated with either targeted therapy or immunotherapy [17,46].
Importantly, the baseline levels of ctDNA before first-line therapy were confirmed via multivariate
analysis to be an independent prognostic factor for OS, irrespective of treatment, in patients with
stage IV or unresectable stage Il metastatic melanoma [17]. Interestingly, ctDNA analysis in recurrent
patients or during treatment (non-first line) was not associated with either PFS or OS. However,
this latter analysis was limited to a very small cohort of patients.

The strong prognostic value of ctDNA levels in metastatic melanoma patients suggests that
this parameter might better recapitulate the disease burden as compared with other prognostic
factors. In this respect, several studies have demonstrated a correlation between ctDNA levels
and the American Joint Committee on Cancer (AJCC) stage, number of metastatic sites, and serum
levels of Lactate dehydrogenase (LDH) and S100 [49,63]. A significant correlation has also been
reported between baseline ctDNA levels and metabolic tumor activity [43,53,63]. Interestingly,
baseline ctDNA levels presented a better correlation with disease burden as measured by
2-[fluorine-18]-fluoro-2-deoxy-d-glucose positron emission tomography (FDG-PET) when compared
with LDH [53]. However, subcutaneous and cerebral disease localization were associated with lower
ctDNA levels, suggesting that in these cases, FDG-PET might better recapitulate tumor burden [53].
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6.3. Monitoring Response to Therapy

The availability of predictive and prognostic biomarkers significantly improved the selection
of appropriate therapeutic approaches in melanoma patients. Nevertheless, the response to both
targeted therapy and immunotherapy is often heterogeneous, even in molecularly selected cohorts of
patients. Therefore, the availability of tools to assess the response to therapy could further improve the
therapeutic approaches for patients with metastatic melanoma. In this respect, the analysis of cfDNA
could represent a non-invasive and repeatable technique for the early detection and monitoring of
melanoma response and/or progression.

A number of studies have addressed the possibility of using the BRAF mutation testing of cfDNA
to monitor the response to BRAF inhibitors [22] or combinations of BRAF and MEK inhibitors [51]
in patients with BRAF-mutant melanoma. Although these studies enrolled a limited number of
patients and different qPCR [19] or emulsion-PCR [22,51]-based techniques, they consistently found
that response to therapy was associated with a significant decrease in the levels of BRAF mutations in
cfDNA, while an increase in BRAF mutant DNA was observed at progression. Interestingly, the increase
in ctDNA levels preceded the clinical progression of the disease in a significant fraction of patients,
with a lead time up to 110 days [51,61].

The predictive value of monitoring the BRAF mutations in cfDNA using the Idylla test was also
explored in a phase II trial of a combination of dabrafenib plus trametinib in patients with advanced
BRAF-V600-mutant melanoma pre-treated with targeted therapy [61]. Upon analyzing plasma samples
from 25 patients enrolled in this study, patients responding to therapy showed a significantly lower
level of BRAF-V600-mutant ctDNA after 2 weeks of treatment as compared with non-responding
patients. In addition, the persistent detection of BRAF-V600-mutant ctDNA after 2 weeks of therapy
was correlated with a shorter PFS as compared with that for patients with undetectable ctDNA
(1.8 months vs. 5.9 months; p = 0.001).

Some studies have reported a very early spike in ctDNA concentration occurring 24/48 h after
starting treatment with BRAF inhibitors [19,64]. This early spike is probably related to a massive
release of tumor DNA due to treatment-induced tumor cell lysis.

Taken together, these findings strongly suggest that monitoring BRAF mutations in the cfDNA
could represent a valuable biomarker for assessing the early response to targeted therapy in
melanoma patients.

Testing cfDNA could also provide important information for the evaluation of the response to
immune-checkpoint inhibitors in melanoma and other cancers. In fact, the assessment of the response
to immune therapies is sometimes difficult, due to the possible increase in the tumor lesions because of
the immune reaction, which mimics a progression of the disease. Such pseudo-progression might lead
to the suspension of an active treatment.

Few studies have addressed the potential of cfDNA testing for monitoring the response to
immune-checkpoint inhibitors in patients with advanced melanoma. Two initial studies in small
cohorts of patients receiving different immune-therapeutics (either PD-1 inhibitors or CTLA inhibitors
or combinations) demonstrated a correlation between ctDNA dynamics and response to therapy [64,65].
In particular, levels of mutant DNA were found to decrease in the cfDNA of patients responding to
treatment and to increase at or before tumor progression, using either NGS [65] or ddPCR [64].

The predictive value of ctDNA monitoring was next explored in a cohort of 76 patients with
metastatic melanoma who received treatment with pembrolizumab or nivolumab monotherapy or in
combination with ipilimumab [62]. Although ddPCR was employed in this study for the detection of
the BRAF, NRAS and cKIT most frequent variants, the criterion used by the authors was only whether
the ctDNA was detectable or not. Interestingly, the response rate in patients with detectable ctDNA at
baseline but undetectable after 12 weeks of therapy was similar to that in patients with undetectable
ctDNA at baseline and after 12 weeks (77% and 72%, respectively), and much higher as compared
with that in patients with detectable ctDNA at baseline and after 12 weeks (6%). In addition, the first
two groups had significantly longer PFS and OS as compared with the third group. The predictive
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value of ctDNA monitoring at 12 weeks was confirmed via multivariate analysis, thus suggesting that
the clearance of ctDNA is a relevant predictive marker of response to immune-checkpoint inhibitors
in metastatic melanoma. The same research group assessed the ability of cfDNA testing to identify
pseudo-progression in a study including 125 metastatic melanoma patients who received anti-PD-1
antibodies alone or in combination with ipilimumab [66]. In this study, all nine patients with confirmed
pseudo-progression had a favorable ctDNA profile, defined as ctDNA undetectable at baseline that
remained undetectable, or detectable at baseline that became undetectable or decreased by at least
10-fold during treatment, thus introducing a quantitative criterion. By contrast, 18/20 patients with
true progressive disease had an unfavorable ctDNA profile, with ctDNA detectable at baseline and
during treatment. The dynamics of the ctDNA levels in the first month after treatment were also found
to predict progressive disease or response to therapy in 21/24 stage III/IV melanoma patients receiving
either immunotherapy or targeted therapy [63].

Finally, some studies in small cohorts of patients tried to establish quantitative thresholds to define
patients with response or progression at ctDNA analysis [67,68]. Both these studies found a good
correlation between an increase in ctDNA levels and progression of the disease, while ctDNA reduction
was also observed in patients who experienced progressive disease. One of the limitations of these
studies was a focus only on the few most frequent mutations in BRAF, NRAS and cKIT. By assessing a
single mutation, the test might follow the dynamics of a single cell clone, which might not represent
the behavior of the entire tumor in the case of tumor heterogeneity.

The above-summarized data suggest that cfDNA testing might represent an adequate tool for
monitoring responses to immune-checkpoint inhibitors in melanoma. However, prospective clinical
trials are required to validate this approach in the clinic and to demonstrate that the early detection of
tumor progression might allow a better therapeutic strategy.

The use of NGS-based techniques might significantly increase the fraction of patients who can
be monitored, improve the specificity and sensitivity of the test and provide information on tumor
heterogeneity and the clonal evolution of the disease. For example, the NGS analysis of cfDNA from a
patient with vaginal mucosa melanoma revealed the presence of two subclones with different responses
to imatinib [69]. One subclone carried a KIT mutation and responded to imatinib, while the other had
a KIT wild-type gene and did not respond to targeted therapy.

6.4. Identification of Mechanisms of Resistance

Combined targeted therapy with BRAF and MEK inhibitors is associated with a high response
rate in melanoma patients who carry a BRAF-V600 mutation [70]. However, most patients who
initially respond will relapse during therapy due to mechanisms of acquired resistance. In many cases,
acquired resistance to anti-BRAF therapy in melanoma patients is due to the reactivation of the MAPK
pathway by genetic or epigenetic mechanisms [71]. However, other mechanisms of resistance have
been described, including genetic alterations leading to the activation of the PIK3CA signaling pathway.

The feasibility of cfDNA testing in the assessment of acquired resistance to melanoma has
been explored in a few studies. In a study that employed ddPCR to test BRAF and NRAS variants,
NRAS mutations were detected in 3/7 melanoma patients progressing on targeted therapy with
vemurafenib, dabrafenib or a dabrafenib/trametinib combination [46]. These data are in agreement
with previous reports that described the frequent involvement of NRAS mutations, in particular,
at codon 61 (p.Q61K/R), in acquired resistance to dabrafenib/trametinib combination therapy in
BRAF-mutant metastatic melanoma patients [72]. Interestingly, NRAS mutations were detected in the
cfDNA before the clinical and radiological progression of the disease.

By using the WES analysis of cfDNA, NRAS and PIK3CA mutations not present prior to therapy
were identified in melanoma patients progressing on targeted therapy with BRAF and/or MEK
inhibitors [73]. Multiple NRAS mutations were also found in the same cfDNA sample from a
patient with progression, thus confirming the likely multi-clonal origin of acquired resistance to
targeted therapies.
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Acquired mutations in NRAS were also identified in metastatic melanoma patients at progression
following dabrafenib-and-trametinib treatment using the targeted sequencing of cfDNA [53].
Interestingly, targeted-sequencing analysis identified two variants in MAP2K1 and PTEN in a patient
at progression, suggesting that these two genetic alterations might both contribute to resistance.

In addition to point mutations, other genomic alterations including BRAF gene amplification have
been described as driving acquired resistance to BRAF/MEK inhibitors [74]. Indeed, the whole-exome
sequencing and low-coverage whole-genome sequencing of cfDNA identified BRAF gene amplification
in 2/3 patients at progression [53].

Evidence suggests that acquired resistance to targeted therapy is often polyclonal. In agreement
with this hypothesis, distinct molecular alterations have been detected concurrently in the same
tumor sample or among multiple tumor sites from the same melanoma patient progressing on
targeted therapy [75]. Therefore, resistance to targeted therapy is associated with an increase in
tumor heterogeneity and branched evolution that might be better depicted by using cfDNA testing as
compared with tissue analysis. However, the ability of plasma-derived cfDNA testing to represent
spatial heterogeneity was found to be limited in the presence of subcutaneous or brain metastases that
shed limited amounts of ctDNA into the blood flow [53].

7. Conclusions and Future Perspectives

The data summarized in this article clearly show that ¢fDNA analysis can offer important
information on the prognosis of patients with melanoma in different stages of the disease. Furthermore,
cfDNA analysis could allow a more accurate identification of patient candidates for targeted therapy
or immunotherapy, through the representation of tumor heterogeneity and the early identification of
patients who do not respond to therapies. However, the possibility of transferring this information
into daily clinical practice depends on the resolution of a series of technological, biological and
clinical issues.

The introduction of NGS technologies for ¢fDNA analysis has increased the possibility of
extending the test to a larger percentage of patients and has increased its clinical and analytical
sensitivity. However, several NGS panels for cfDNA analysis are commercially available. For many of
these panels, validation studies on adequate cohorts of biological samples are lacking, and external
quality control programs are not yet available for these specific tests. Therefore, their introduction into
clinical practice must be carried out with extreme caution, in order to avoid problems of false positives
or negatives.

The use of NGS panels increases the sensitivity of the cfDNA test but also increases the possibility
of identifying mutations associated with clonal hematopoiesis [29]. This possibility considerably
limits the use of NGS techniques for applications such as early diagnosis or even monitoring of the
disease. Although BRAF mutations have not been associated with clonal hematopoiesis to date,
the identification of other genetic alterations could still pose problems in the clinical interpretation of
the data. At present, the contemporary analysis of DNA derived from leukocytes appears as the only
approach to overcoming this limit.

The analysis of cfDNA can provide information only on genetic alterations, which, alone, are not
sufficient to represent the biological variability of neoplasms. In the era of precision medicine,
the integration of the genomic profile with other biological omics, including transcriptomics, proteomics,
metabolomics and epigenomics, that can be determined in biological fluids, represents a fundamental
element for the advancement of knowledge on the pathogenesis and progression of cancer [76].
A biological multiomic pattern combined with clinical and radiological information, including
radiomics, will allow the development of novel strategies for diagnostic, prognostic and therapeutic
purposes [77]. In particular, the possibility of integrating different information could then be important
for the early diagnosis of cancer, given the low specificity of genetic alterations for this specific
application. In addition, the addition of multiple layers of clinical and biological information will allow
a better stratification of patients, thus improving the clinical implementation of precision medicine.
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It must be emphasized that the integration of multiple omics information for patients’ stratification
will require the development of appropriate disease modeling systems based on the use of machine
learning [78].

The various potential applications of liquid biopsies in the early diagnosis of recurrence and in
monitoring the response to therapy must be validated in prospective clinical trials. In fact, it will be
necessary to demonstrate that the early detection of disease recurrence allows the development of
therapeutic strategies that result in a decrease in the mortality of patients with early stage melanoma.
At the same time, it must be demonstrated that the modification of therapy in patients with metastatic
melanoma who do not respond in terms of reduced ctDNA results in better survival.

However, although there are many issues to be solved for the clinical implementation of cfDNA
analysis, it can certainly be said that this technology opens up new scenarios in the management of
patients with melanoma that could lead to important improvements in the diagnosis and therapy of this
disease. In particular, the possibility of determining the overall profile of the genetic alterations of the
neoplasm and of being able to evaluate its progression over time represents an important opportunity
to improve the stratification of patients with melanoma for the purposes of therapeutic planning.

Author Contributions: A.S.: conceptualization and writing original draft; L.F.: conceptualization and writing
original draft; M.C.: conceptualization and writing original draft A.D.L.: supervision, visualization and
writing—review; P.A.A.: resources and visualization; G.B.: resources and visualization; N.N.: project coordination,
conceptualization, visualization, supervision and writing—review and editing. All authors have read and agreed
to the published version of the manuscript.

Funding: This paper was not funded.

Conflicts of Interest: N.N.: Personal financial interests (speaker’s fees and/or advisory boards): MSD, QIAGEN,
Bayer, Biocartis, Incyte, Roche, BMS, MERCK, Thermo Fisher, Boehringer Ingelheim, AstraZeneca, Sanofi, Eli Lilly,
Illumina, and Amgen Institutional; financial interests (financial support to research projects): MERCK, Sysmex,
Thermo Fisher, QIAGEN, Roche, AstraZeneca, Biocartis, and Illumina.

Non-financial interests: N.N.: President, International Quality Network for Pathology (IQN Path); President
Elect, Italian Cancer Society (SIC).

References

1.  Matthews, N.H.; Li, W.Q.; Qureshi, A.A.; Weinstock, M.A.; Cho, E. Epidemiology of Melanoma. In Cutaneous
Melanoma: Etiology and Therapy; Ward, W.H., Farma, ]. M., Eds.; Codon Publications: Brisbane, Australia, 2017.
[CrossRef]

2. Wan, J.C.M.; Massie, C.; Garcia-Corbacho, J.; Mouliere, E; Brenton, J.D.; Caldas, C.; Pacey, S.; Baird, R.;
Rosenfeld, N. Liquid biopsies come of age: Towards implementation of circulating tumour DNA.
Nat. Rev. Cancer 2017, 17, 223-238. [CrossRef] [PubMed]

3. Corcoran, R.B.; Chabner, B.A. Application of Cell-free DNA Analysis to Cancer Treatment. N. Engl. ]. Med.
2018, 379, 1754-1765. [CrossRef] [PubMed]

4. Esposito Abate, R.; Pasquale, R.; Fenizia, F.; Rachiglio, A.M.; Roma, C.; Bergantino, F.; Forgione, L.;
Lambiase, M.; Sacco, A.; Piccirillo, M.C.; et al. The role of circulating free DNA in the management of NSCLC.
Expert Rev. Anticancer Ther. 2019, 19, 19-28. [CrossRef] [PubMed]

5. Normanno, N.; Cervantes, A.; Ciardiello, F.; De Luca, A.; Pinto, C. The liquid biopsy in the management
of colorectal cancer patients: Current applications and future scenarios. Cancer Treat. Rev. 2018, 70, 1-8.
[CrossRef] [PubMed]

6. Sun, K; Jiang, P; Chan, K.C.; Wong, J.; Cheng, YK.; Liang, R.H.; Chan, WK, Ma, E.S.; Chan, S.L.;
Cheng, S.H.; et al. Plasma DNA tissue mapping by genome-wide methylation sequencing for noninvasive
prenatal, cancer, and transplantation assessments. Proc. Natl. Acad. Sci. USA 2015, 112, E5503-E5512.
[CrossRef] [PubMed]

7.  Thierry, A.R.; El Messaoudi, S.; Gahan, P.B.; Anker, P; Stroun, M. Origins, structures, and functions of
circulating DNA in oncology. Cancer Metastasis Rev. 2016, 35, 347-376. [CrossRef] [PubMed]

8.  Abbosh, C.; Birkbak, N.J.; Wilson, G.A.; Jamal-Hanjani, M.; Constantin, T.; Salari, R.; Le Quesne, J.;
Moore, D.A.; Veeriah, S.; Rosenthal, R.; et al. Phylogenetic ctDNA analysis depicts early-stage lung cancer
evolution. Nature 2017, 545, 446-451. [CrossRef]


http://dx.doi.org/10.15586/codon.cutaneousmelanoma.2017.ch1
http://dx.doi.org/10.1038/nrc.2017.7
http://www.ncbi.nlm.nih.gov/pubmed/28233803
http://dx.doi.org/10.1056/NEJMra1706174
http://www.ncbi.nlm.nih.gov/pubmed/30380390
http://dx.doi.org/10.1080/14737140.2019.1548938
http://www.ncbi.nlm.nih.gov/pubmed/30462523
http://dx.doi.org/10.1016/j.ctrv.2018.07.007
http://www.ncbi.nlm.nih.gov/pubmed/30053724
http://dx.doi.org/10.1073/pnas.1508736112
http://www.ncbi.nlm.nih.gov/pubmed/26392541
http://dx.doi.org/10.1007/s10555-016-9629-x
http://www.ncbi.nlm.nih.gov/pubmed/27392603
http://dx.doi.org/10.1038/nature22364

Cancers 2020, 12,2914 14 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Barra, G.B.; Santa Rita, T.H.; de Almeida Vasques, J.; Chianca, C.E; Nery, L.F; Santana Soares Costa, S.
EDTA-mediated inhibition of DNases protects circulating cell-free DNA from ex vivo degradation in blood
samples. Clin. Biochem. 2015, 48, 976-981. [CrossRef]

Norton, S.E.; Lechner, ].M.; Williams, T.; Fernando, M.R. A stabilizing reagent prevents cell-free DNA
contamination by cellular DNA in plasma during blood sample storage and shipping as determined by
digital PCR. Clin. Biochem. 2013, 46, 1561-1565. [CrossRef]

Normanno, N.; Denis, M.G.; Thress, K.S.; Ratcliffe, M.; Reck, M. Guide to detecting epidermal growth factor
receptor (EGFR) mutations in ctDNA of patients with advanced non-small-cell lung cancer. Oncotarget 2017,
8, 12501-12516. [CrossRef]

Diefenbach, R.].; Lee, ].H.; Rizos, H. Monitoring Melanoma Using Circulating Free DNA. Am. |. Clin. Dermatol.
2019, 20, 1-12. [CrossRef] [PubMed]

Curtin, J.A.; Fridlyand, J.; Kageshita, T.; Patel, H.N.; Busam, K.J.; Kutzner, H.; Cho, K.H.; Aiba, S.; Brocker, E.B.;
LeBoit, PE.; et al. Distinct sets of genetic alterations in melanoma. N. Engl. ]. Med. 2005, 353, 2135-2147.
[CrossRef] [PubMed]

Bastian, B.C. The molecular pathology of melanoma: An integrated taxonomy of melanocytic neoplasia.
Annu. Rev. Pathol. 2014, 9, 239-271. [CrossRef] [PubMed]

Busser, B.; Lupo, J.; Sancey, L.; Mouret, S.; Faure, P.; Plumas, J.; Chaperot, L.; Leccia, M.T.; Coll, J.L.;
Hurbin, A.; et al. Plasma Circulating Tumor DNA Levels for the Monitoring of Melanoma Patients:
Landscape of Available Technologies and Clinical Applications. Biomed. Res. Int. 2017, 2017, 5986129.
[CrossRef]

Denis, M.G.; Knol, A.-C.; Vallee, A.; Theoleyre, S.; Herbreteau, G.; Khammar, i.; Dréno, B. Cross-platform
comparison of techniques to detect BRAF mutations in circulating tumor DNA of melanoma patients.
J. Clin. Oncol. 2016, 34, €21026. [CrossRef]

Herbreteau, G.; Vallee, A.; Knol, A.C.; Theoleyre, S.; Quereux, G.; Frenard, C.; Varey, E.; Hofman, P;
Khammari, A.; Dreno, B.; et al. Circulating Tumour DNA Is an Independent Prognostic Biomarker for
Survival in Metastatic BRAF or NRAS-Mutated Melanoma Patients. Cancers 2020, 12, 1871. [CrossRef]
Seremet, T.; Jansen, Y.; Planken, S.; Njimi, H.; Delaunoy, M.; El Housni, H.; Awada, G.; Schwarze, ] K,;
Keyaerts, M.; Everaert, H.; et al. Undetectable circulating tumor DNA (ctDNA) levels correlate with favorable
outcome in metastatic melanoma patients treated with anti-PD1 therapy. J. Transl. Med. 2019, 17, 303.
[CrossRef]

Schreuer, M.; Meersseman, G.; Van Den Herrewegen, S.; Jansen, Y.; Chevolet, I.; Bott, A.; Wilgenhof, S.;
Seremet, T.; Jacobs, B.; Buyl, R.; et al. Quantitative assessment of BRAF V600 mutant circulating cell-free
tumor DNA as a tool for therapeutic monitoring in metastatic melanoma patients treated with BRAF/MEK
inhibitors. J. Transl. Med. 2016, 14, 95. [CrossRef]

Dingle, T.C.; Sedlak, R.H.; Cook, L.; Jerome, K.R. Tolerance of droplet-digital PCR vs real-time quantitative
PCR to inhibitory substances. Clin. Chem. 2013, 59, 1670-1672. [CrossRef]

Huggett, J.F.; Whale, A. Digital PCR as a novel technology and its potential implications for molecular
diagnostics. Clin. Chem. 2013, 59, 1691-1693. [CrossRef]

Sanmamed, M.E; Fernandez-Landazuri, S.; Rodriguez, C.; Zarate, R.; Lozano, M.D.; Zubiri, L.;
Perez-Gracia, J.L.; Martin-Algarra, S.; Gonzalez, A. Quantitative cell-free circulating BRAFV600E mutation
analysis by use of droplet digital PCR in the follow-up of patients with melanoma being treated with BRAF
inhibitors. Clin. Chem. 2015, 61, 297-304. [CrossRef] [PubMed]

Santiago-Walker, A.; Gagnon, R.; Mazumdar, J.; Casey, M.; Long, G.V.; Schadendorf, D.; Flaherty, K,;
Kefford, R.; Hauschild, A.; Hwu, P; et al. Correlation of BRAF Mutation Status in Circulating-Free DNA and
Tumor and Association with Clinical Outcome across Four BRAFi and MEKIi Clinical Trials. Clin. Cancer. Res.
2016, 22, 567-574. [CrossRef] [PubMed]

Phallen, J.; Sausen, M.; Adleff, V.; Leal, A.; Hruban, C.; White, J.; Anagnostou, V.; Fiksel, J.; Cristiano, S.;
Papp, E.; et al. Direct detection of early-stage cancers using circulating tumor DNA. Sci. Transl. Med. 2017,
9, 403. [CrossRef]

Newman, A.M,; Liu, C.L.; Green, M.R; Gentles, A.J.; Feng, W.; Xu, Y,; Hoang, C.D.; Diehn, M.; Alizadeh, A.A.
Robust enumeration of cell subsets from tissue expression profiles. Nat. Methods 2015, 12, 453-457. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.clinbiochem.2015.02.014
http://dx.doi.org/10.1016/j.clinbiochem.2013.06.002
http://dx.doi.org/10.18632/oncotarget.13915
http://dx.doi.org/10.1007/s40257-018-0398-x
http://www.ncbi.nlm.nih.gov/pubmed/30374893
http://dx.doi.org/10.1056/NEJMoa050092
http://www.ncbi.nlm.nih.gov/pubmed/16291983
http://dx.doi.org/10.1146/annurev-pathol-012513-104658
http://www.ncbi.nlm.nih.gov/pubmed/24460190
http://dx.doi.org/10.1155/2017/5986129
http://dx.doi.org/10.1200/JCO.2016.34.15_suppl.e21026
http://dx.doi.org/10.3390/cancers12071871
http://dx.doi.org/10.1186/s12967-019-2051-8
http://dx.doi.org/10.1186/s12967-016-0852-6
http://dx.doi.org/10.1373/clinchem.2013.211045
http://dx.doi.org/10.1373/clinchem.2013.214742
http://dx.doi.org/10.1373/clinchem.2014.230235
http://www.ncbi.nlm.nih.gov/pubmed/25411185
http://dx.doi.org/10.1158/1078-0432.CCR-15-0321
http://www.ncbi.nlm.nih.gov/pubmed/26446943
http://dx.doi.org/10.1126/scitranslmed.aan2415
http://dx.doi.org/10.1038/nmeth.3337
http://www.ncbi.nlm.nih.gov/pubmed/25822800

Cancers 2020, 12,2914 15 of 18

26.

27.

28.

29.

30.

31.
32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Goldberg, S.B.; Narayan, A.; Kole, A.J.; Decker, R.H.; Teysir, J.; Carriero, N.J.; Lee, A.; Nemati, R.; Nath, SK;
Mane, S.M.; et al. Early Assessment of Lung Cancer Immunotherapy Response via Circulating Tumor DNA.
Clin. Cancer. Res. 2018, 24, 1872-1880. [CrossRef] [PubMed]

Newman, A.M.; Bratman, S.V.; To, ].; Wynne, ].E,; Eclov, N.C.; Modlin, L.A.; Liu, C.L.; Neal, ] W.; Wakelee, H.A;
Merritt, R.E.; et al. An ultrasensitive method for quantitating circulating tumor DNA with broad patient
coverage. Nat. Med. 2014, 20, 548-554. [CrossRef] [PubMed]

Stetson, D.; Ahamed, A.; Xu, X.; Nuttall, B.R.B.; Lubinski, T.J.; Johnson, J.H.; Barrett, ].C.; Dougherty, B.A.
Orthogonal Comparison of Four Plasma NGS Tests With Tumor Suggests Technical Factors are a Major
Source of Assay Discordance. JCO Precis. Oncol. 2019, 3, 1-9. [CrossRef]

Watson, C.J.; Papula, A.L.; Poon, G.Y.P.; Wong, W.H.; Young, A.L.; Druley, T.E.; Fisher, D.S.; Blundell, J.R.
The evolutionary dynamics and fitness landscape of clonal hematopoiesis. Science 2020, 367, 1449-1454.
[CrossRef]

Pasquale, R.; Forgione, L.; Roma, C.; Fenizia, F; Bergantino, F.; Rachiglio, A.M.; De Luca, A.; Gallo, M.;
Maiello, M.R.; Palumbo, G.; et al. Targeted sequencing analysis of cell-free DNA from metastatic non-small-cell
lung cancer patients: Clinical and biological implications. Transl. Lung Cancer Res. 2020, 9, 61-70. [CrossRef]
Pashayan, N.; Pharoah, P.D.P. The challenge of early detection in cancer. Science 2020, 368, 589-590. [CrossRef]
Daniotti, M.; Vallacchi, V.; Rivoltini, L.; Patuzzo, R.; Santinami, M.; Arienti, E,; Cutolo, G.; Pierotti, M.A;
Parmiani, G.; Rodolfo, M. Detection of mutated BRAFV600E variant in circulating DNA of stage III-IV
melanoma patients. Int. J. Cancer 2007, 120, 2439-2444. [CrossRef] [PubMed]

Consortium, I.T.P.-C.A.0.W.G. Pan-cancer analysis of whole genomes. Nature 2020, 578, 82-93.

Cohen, ].D; Li, L.; Wang, Y.; Thoburn, C.; Afsari, B.; Danilova, L.; Douville, C.; Javed, A.A.; Wong, F;
Mattox, A.; et al. Detection and localization of surgically resectable cancers with a multi-analyte blood test.
Science 2018, 359, 926-930. [CrossRef] [PubMed]

Leiter, U.; Meier, E,; Schittek, B.; Garbe, C. The natural course of cutaneous melanoma. J. Surg. Oncol. 2004,
86, 172-178. [CrossRef]

Benvenuto-Andrade, C.; Oseitutu, A.; Agero, A.L.; Marghoob, A.A. Cutaneous melanoma: Surveillance of
patients for recurrence and new primary melanomas. Dermatol. Ther. 2005, 18, 423—-435. [CrossRef]

van der Velden, V.H.; Hochhaus, A.; Cazzaniga, G.; Szczepanski, T.; Gabert, J.; van Dongen, J.J. Detection of
minimal residual disease in hematologic malignancies by real-time quantitative PCR: Principles, approaches,
and laboratory aspects. Leukemia 2003, 17, 1013-1034. [CrossRef]

Garcia-Murillas, I; Schiavon, G.; Weigelt, B.; Ng, C.; Hrebien, S.; Cutts, R.J.; Cheang, M.; Osin, P.; Nerurkar, A.;
Kozarewa, I; et al. Mutation tracking in circulating tumor DNA predicts relapse in early breast cancer.
Sci. Transl. Med. 2015, 7, 302ra133. [CrossRef]

Chaudhuri, A.A.; Chabon, ].J.; Lovejoy, A.F; Newman, A.M.; Stehr, H.; Azad, T.D.; Khodadoust, M.S.;
Esfahani, M.S.; Liu, C.L.; Zhou, L.; et al. Early Detection of Molecular Residual Disease in Localized Lung
Cancer by Circulating Tumor DNA Profiling. Cancer Discov. 2017, 7, 1394-1403. [CrossRef]

Tie,].; Wang, Y.; Tomasetti, C.; Li, L.; Springer, S.; Kinde, I; Silliman, N.; Tacey, M.; Wong, H.L.; Christie, M.; etal.
Circulating tumor DNA analysis detects minimal residual disease and predicts recurrence in patients with
stage II colon cancer. Sci. Transl. Med. 2016, 8, 3461a392. [CrossRef]

Lee, ].H.; Saw, R.P,; Thompson, J.E; Lo, S.; Spillane, A J.; Shannon, K.E; Stretch, ].R.; Howle, ].; Menzies, A.M.;
Carlino, M.S,; et al. Pre-operative ctDNA predicts survival in high-risk stage III cutaneous melanoma
patients. Ann. Oncol. 2019, 30, 815-822. [CrossRef]

Tan, L.; Sandhu, S.; Lee, RJ.; Li, J.; Callahan, J.; Ftouni, S.; Dhomen, N.; Middlehurst, P.; Wallace, A.;
Raleigh, J.; et al. Prediction and monitoring of relapse in stage III melanoma using circulating tumor DNA.
Ann. Oncol. 2019, 30, 804-814. [CrossRef] [PubMed]

McEvoy, A.C.; Pereira, M.R.; Reid, A.; Pearce, R.; Cowell, L.; Al-Ogaili, Z.; Khattak, M.A.; Millward, M.;
Meniawy, T.M.; Gray, E.S.; et al. Monitoring melanoma recurrence with circulating tumor DNA: A proof of
concept from three case studies. Oncotarget 2019, 10, 113-122. [CrossRef] [PubMed]

Lee, R].; Gremel, G.; Marshall, A.; Myers, K.A,; Fisher, N.; Dunn, J.A.; Dhomen, N.; Corrie, P.G;
Middleton, M.R.; Lorigan, P; et al. Circulating tumor DNA predicts survival in patients with resected
high-risk stage II/IIl melanoma. Ann. Oncol. 2018, 29, 490-496. [CrossRef] [PubMed]


http://dx.doi.org/10.1158/1078-0432.CCR-17-1341
http://www.ncbi.nlm.nih.gov/pubmed/29330207
http://dx.doi.org/10.1038/nm.3519
http://www.ncbi.nlm.nih.gov/pubmed/24705333
http://dx.doi.org/10.1200/po.18.00191
http://dx.doi.org/10.1126/science.aay9333
http://dx.doi.org/10.21037/tlcr.2020.01.01
http://dx.doi.org/10.1126/science.aaz2078
http://dx.doi.org/10.1002/ijc.22598
http://www.ncbi.nlm.nih.gov/pubmed/17315191
http://dx.doi.org/10.1126/science.aar3247
http://www.ncbi.nlm.nih.gov/pubmed/29348365
http://dx.doi.org/10.1002/jso.20079
http://dx.doi.org/10.1111/j.1529-8019.2005.00049.x
http://dx.doi.org/10.1038/sj.leu.2402922
http://dx.doi.org/10.1126/scitranslmed.aab0021
http://dx.doi.org/10.1158/2159-8290.CD-17-0716
http://dx.doi.org/10.1126/scitranslmed.aaf6219
http://dx.doi.org/10.1093/annonc/mdz075
http://dx.doi.org/10.1093/annonc/mdz048
http://www.ncbi.nlm.nih.gov/pubmed/30838379
http://dx.doi.org/10.18632/oncotarget.26451
http://www.ncbi.nlm.nih.gov/pubmed/30719207
http://dx.doi.org/10.1093/annonc/mdx717
http://www.ncbi.nlm.nih.gov/pubmed/29112704

Cancers 2020, 12,2914 16 of 18

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Ascierto, PA.,; Minor, D.; Ribas, A.; Lebbe, C.; O'Hagan, A.; Arya, N.; Guckert, M.; Schadendorf, D.;
Kefford, R.F,; Grob, ].J.; et al. Phase II trial (BREAK-2) of the BRAF inhibitor dabrafenib (GSK2118436) in
patients with metastatic melanoma. J. Clin. Oncol. 2013, 31, 3205-3211. [CrossRef] [PubMed]

Gray, E.S.; Rizos, H.; Reid, A.L.; Boyd, S.C.; Pereira, M.R.; Lo, J.; Tembe, V.; Freeman, J.; Lee, ] H,;
Scolyer, R.A.; et al. Circulating tumor DNA to monitor treatment response and detect acquired resistance in
patients with metastatic melanoma. Oncotarget 2015, 6, 42008-42018. [CrossRef]

Gonzalez-Cao, M.; Mayo-de-Las-Casas, C.; Molina-Vila, M.A.; De Mattos-Arruda, L.; Munoz-Couselo, E.;
Manzano, J.L.; Cortes, J.; Berros, ].P.; Drozdowskyj, A.; Sanmamed, M.; et al. BRAF mutation analysis in
circulating free tumor DNA of melanoma patients treated with BRAF inhibitors. Melanoma Res. 2015, 25,
486-495. [CrossRef]

Chang, G.A.; Tadepalli, ].S.; Shao, Y.; Zhang, Y.; Weiss, S.; Robinson, E.; Spittle, C.; Furtado, M.; Shelton, D.N.;
Karlin-Neumann, G.; et al. Sensitivity of plasma BRAFmutant and NRASmutant cell-free DNA assays
to detect metastatic melanoma in patients with low RECIST scores and non-RECIST disease progression.
Mol. Oncol. 2016, 10, 157-165. [CrossRef]

Knol, A.C,; Vallee, A.; Herbreteau, G.; Nguyen, ].M.; Varey, E.; Gaultier, A.; Theoleyre, S.; Saint-Jean, M.;
Peuvrel, L.; Brocard, A.; et al. Clinical significance of BRAF mutation status in circulating tumor DNA of
metastatic melanoma patients at baseline. Exp. Dermatol. 2016, 25, 783-788. [CrossRef]

Tang, H.; Kong, Y,; Si, L.; Cui, C.; Sheng, X.; Chi, Z.; Dai, J.; Yu, S.; Ma, M.; Wu, X,; et al. Clinical significance
of BRAF(V600E) mutation in circulating tumor DNA in Chinese patients with melanoma. Oncol. Lett. 2018,
15,1839-1844.

Haselmann, V.; Gebhardt, C.; Brechtel, I.; Duda, A.; Czerwinski, C.; Sucker, A.; Holland-Letz, T.; Utikal, J.;
Schadendorf, D.; Neumaier, M. Liquid Profiling of Circulating Tumor DNA in Plasma of Melanoma Patients
for Companion Diagnostics and Monitoring of BRAF Inhibitor Therapy. Clin. Chem. 2018, 64, 830-842.
[CrossRef]

Long-Mira, E.; Ilie, M.; Chamorey, E.; Leduff-Blanc, F.; Montaudie, H.; Tanga, V.; Allegra, M.; Lespinet-Fabre, V.;
Bordone, O.; Bonnetaud, C.; et al. Monitoring BRAF and NRAS mutations with cell-free circulating tumor
DNA from metastatic melanoma patients. Oncotarget 2018, 9, 36238-36249. [CrossRef]

Wong, S.Q.; Raleigh, ].M.; Callahan, J.; Vergara, I.A.; Ftouni, S.; Hatzimihalis, A.; Colebatch, A.J.; Li, J.;
Semple, T.; Doig, K ; et al. Circulating Tumor DNA Analysis and Functional Imaging Provide Complementary
Approaches for Comprehensive Disease Monitoring in Metastatic Melanoma. JCO Precis. Oncol. 2017.
[CrossRef]

Calapre, L.; Giardina, T.; Robinson, C.; Reid, A.L.; Al-Ogaili, Z.; Pereira, M.R.; McEvoy, A.C.; Warburton, L.;
Hayward, N.K.; Khattak, M.A; et al. Locus-specific concordance of genomic alterations between tissue and
plasma circulating tumor DNA in metastatic melanoma. Mol. Oncol. 2019, 13, 171-184. [CrossRef] [PubMed]
McGranahan, N.; Furness, A.].; Rosenthal, R.; Ramskov, S.; Lyngaa, R.; Saini, SK.; Jamal-Hanjani, M.;
Wilson, G.A; Birkbak, N.J.; Hiley, C.T.; et al. Clonal neoantigens elicit T cell immunoreactivity and sensitivity
to immune checkpoint blockade. Science 2016, 351, 1463-1469. [CrossRef] [PubMed]

Yancovitz, M.; Litterman, A.; Yoon, J.; Ng, E.; Shapiro, R.L.; Berman, R.S.; Pavlick, A.C.; Darvishian, F.;
Christos, P; Mazumdar, M.; et al. Intra- and inter-tumor heterogeneity of BRAF(V600E))mutations in primary
and metastatic melanoma. PLoS ONE 2012, 7, €29336. [CrossRef] [PubMed]

Lin, J.; Goto, Y.; Murata, H.; Sakaizawa, K.; Uchiyama, A.; Saida, T.; Takata, M. Polyclonality of BRAF
mutations in primary melanoma and the selection of mutant alleles during progression. Br. J. Cancer 2011,
104, 464-468. [CrossRef]

Diaz, L.A,, Jr.; Bardelli, A. Liquid biopsies: Genotyping circulating tumor DNA. J. Clin. Oncol. 2014, 32,
579-586. [CrossRef]

Heinzerling, L.; Baiter, M.; Kuhnapfel, S.; Schuler, G.; Keikavoussi, P.; Agaimy, A.; Kiesewetter, F;
Hartmann, A.; Schneider-Stock, R. Mutation landscape in melanoma patients clinical implications of
heterogeneity of BRAF mutations. Br. |. Cancer 2013, 109, 2833-2841. [CrossRef]

Yan, Y.; Wongchenko, M.].; Robert, C.; Larkin, J.; Ascierto, P.A.; Dreno, B.; Maio, M.; Garbe, C.; Chapman, P.B.;
Sosman, J.A.; et al. Genomic Features of Exceptional Response in Vemurafenib +/- Cobimetinib-treated
Patients with BRAF (V600)-mutated Metastatic Melanoma. Clin. Cancer Res. 2019, 25, 3239-3246. [CrossRef]


http://dx.doi.org/10.1200/JCO.2013.49.8691
http://www.ncbi.nlm.nih.gov/pubmed/23918947
http://dx.doi.org/10.18632/oncotarget.5788
http://dx.doi.org/10.1097/CMR.0000000000000187
http://dx.doi.org/10.1016/j.molonc.2015.09.005
http://dx.doi.org/10.1111/exd.13065
http://dx.doi.org/10.1373/clinchem.2017.281543
http://dx.doi.org/10.18632/oncotarget.26343
http://dx.doi.org/10.1200/PO.16.00009
http://dx.doi.org/10.1002/1878-0261.12391
http://www.ncbi.nlm.nih.gov/pubmed/30312528
http://dx.doi.org/10.1126/science.aaf1490
http://www.ncbi.nlm.nih.gov/pubmed/26940869
http://dx.doi.org/10.1371/journal.pone.0029336
http://www.ncbi.nlm.nih.gov/pubmed/22235286
http://dx.doi.org/10.1038/sj.bjc.6606072
http://dx.doi.org/10.1200/JCO.2012.45.2011
http://dx.doi.org/10.1038/bjc.2013.622
http://dx.doi.org/10.1158/1078-0432.CCR-18-0720

Cancers 2020, 12,2914 17 of 18

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Schreuer, M.; Jansen, Y.; Planken, S.; Chevolet, I; Seremet, T.; Kruse, V.; Neyns, B. Combination of dabrafenib
plus trametinib for BRAF and MEK inhibitor pretreated patients with advanced BRAF(V600)-mutant
melanoma: An open-label, single arm, dual-centre, phase 2 clinical trial. Lancet Oncol. 2017, 18, 464—472.
[CrossRef]

Lee, J.H.; Long, G.V,; Boyd, S.; Lo, S.; Menzies, A.M.; Tembe, V.; Guminski, A.; Jakrot, V.; Scolyer, R.A.;
Mann, G.J.; et al. Circulating tumour DNA predicts response to anti-PD1 antibodies in metastatic melanoma.
Ann. Oncol. 2017, 28, 1130-1136. [CrossRef] [PubMed]

Braune, J.; Keller, L.; Schiller, F.; Graf, E.; Rafei-Shamsabadi, D.; Wehtrle, J.; Follo, M.; Philipp, U.; Hussung, S.;
Pfeifer, D.; et al. Circulating Tumor DNA Allows Early Treatment Monitoring in BRAF- and NRAS-Mutant
Malignant Melanoma. JCO Precis. Oncol. 2020, 4, 20-31. [CrossRef]

Tsao, S.C.; Weiss, J.; Hudson, C.; Christophi, C.; Cebon, J.; Behren, A.; Dobrovic, A. Monitoring response to
therapy in melanoma by quantifying circulating tumour DNA with droplet digital PCR for BRAF and NRAS
mutations. Sci. Rep. 2015, 5, 11198. [CrossRef] [PubMed]

Lipson, E.J.; Velculescu, V.E.; Pritchard, T.S.; Sausen, M.; Pardoll, D.M.; Topalian, S.L.; Diaz, L.A,, Jr.
Circulating tumor DNA analysis as a real-time method for monitoring tumor burden in melanoma patients
undergoing treatment with immune checkpoint blockade. J. Immunother. Cancer 2014, 2, 42. [CrossRef]
[PubMed]

Lee, J H.; Long, G.V.,; Menzies, AM.; Lo, S.; Guminski, A.; Whitbourne, K.; Peranec, M.; Scolyer, R.;
Kefford, R.F; Rizos, H.; et al. Association Between Circulating Tumor DNA and Pseudoprogression in
Patients With Metastatic Melanoma Treated With Anti-Programmed Cell Death 1 Antibodies. JAMA Oncol.
2018, 4, 717-721. [CrossRef]

Herbreteau, G.; Vallee, A.; Knol, A.C.; Theoleyre, S.; Quereux, G.; Varey, E.; Khammari, A.; Dreno, B.;
Denis, M.G. Quantitative monitoring of circulating tumor DNA predicts response of cutaneous metastatic
melanoma to anti-PD1 immunotherapy. Oncotarget 2018, 9, 25265-25276. [CrossRef]

Keller, L.; Guibert, N.; Casanova, A.; Brayer, S.; Farella, M.; Delaunay, M.; Gilhodes, J.; Martin, E.; Balague, G.;
Favre, G,; et al. Early Circulating Tumour DNA Variations Predict Tumour Response in Melanoma Patients
Treated with Immunotherapy. Acta Derm. Venereol. 2019, 99, 206-210. [CrossRef]

Gremel, G.; Lee, R.J.; Girotti, M.R.; Mandal, A.K,; Valpione, S.; Garner, G.; Ayub, M.; Wood, S.; Rothwell, D.G.;
Fusi, A.; et al. Distinct subclonal tumour responses to therapy revealed by circulating cell-free DNA.
Ann. Oncol. 2016, 27, 1959-1965. [CrossRef]

Robert, C.; Grob, J.J.; Stroyakovskiy, D.; Karaszewska, B.; Hauschild, A.; Levchenko, E.; Chiarion Sileni, V.;
Schachter, J.; Garbe, C.; Bondarenko, I; et al. Five-Year Outcomes with Dabrafenib plus Trametinib in
Metastatic Melanoma. N. Engl. ]. Med. 2019, 381, 626—636. [CrossRef]

Amaral, T,; Sinnberg, T.; Meier, F,; Krepler, C.; Levesque, M.; Niessner, H.; Garbe, C. MAPK pathway in
melanoma part II-secondary and adaptive resistance mechanisms to BRAF inhibition. Eur. J. Cancer 2017, 73,
93-101. [CrossRef]

Long, G.V,; Fung, C.; Menzies, A.M.; Pupo, G.M.; Carlino, M.S.; Hyman, J.; Shahheydari, H.; Tembe, V.;
Thompson, J.F.; Saw, R.P; et al. Increased MAPK reactivation in early resistance to dabrafenib/trametinib
combination therapy of BRAF-mutant metastatic melanoma. Nat. Commun. 2014, 5, 5694. [CrossRef]
[PubMed]

Girotti, M.R.; Gremel, G.; Lee, R.; Galvani, E.; Rothwell, D.; Viros, A.; Mandal, A.K.; Lim, K.H.; Saturno, G.;
Furney,S.J.; etal. Application of Sequencing, Liquid Biopsies, and Patient-Derived Xenografts for Personalized
Medicine in Melanoma. Cancer Discov. 2016, 6, 286—299. [CrossRef] [PubMed]

Van Allen, EM.; Wagle, N.; Sucker, A.; Treacy, D.J.; Johannessen, C.M.; Goetz, EM.; Place, C.S,;
Taylor-Weiner, A.; Whittaker, S.; Kryukov, G.V.; et al. The genetic landscape of clinical resistance to
RAF inhibition in metastatic melanoma. Cancer Discov. 2014, 4, 94-109. [CrossRef]

Shi, H.; Hugo, W.; Kong, X.; Hong, A.; Koya, R.C.; Moriceau, G.; Chodon, T.; Guo, R.; Johnson, D.B;
Dahlman, K.B.; et al. Acquired resistance and clonal evolution in melanoma during BRAF inhibitor therapy.
Cancer Discov. 2014, 4, 80-93. [CrossRef]

Lu, M.; Zhan, X. The crucial role of multiomic approach in cancer research and clinically relevant outcomes.
EPMA J. 2018, 9, 77-102. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S1470-2045(17)30171-7
http://dx.doi.org/10.1093/annonc/mdx026
http://www.ncbi.nlm.nih.gov/pubmed/28327969
http://dx.doi.org/10.1200/PO.19.00174
http://dx.doi.org/10.1038/srep11198
http://www.ncbi.nlm.nih.gov/pubmed/26095797
http://dx.doi.org/10.1186/s40425-014-0042-0
http://www.ncbi.nlm.nih.gov/pubmed/25516806
http://dx.doi.org/10.1001/jamaoncol.2017.5332
http://dx.doi.org/10.18632/oncotarget.25404
http://dx.doi.org/10.2340/00015555-3080
http://dx.doi.org/10.1093/annonc/mdw278
http://dx.doi.org/10.1056/NEJMoa1904059
http://dx.doi.org/10.1016/j.ejca.2016.12.012
http://dx.doi.org/10.1038/ncomms6694
http://www.ncbi.nlm.nih.gov/pubmed/25452114
http://dx.doi.org/10.1158/2159-8290.CD-15-1336
http://www.ncbi.nlm.nih.gov/pubmed/26715644
http://dx.doi.org/10.1158/2159-8290.CD-13-0617
http://dx.doi.org/10.1158/2159-8290.CD-13-0642
http://dx.doi.org/10.1007/s13167-018-0128-8
http://www.ncbi.nlm.nih.gov/pubmed/29515689

Cancers 2020, 12,2914 18 of 18

77. Gerner, C.; Costigliola, V.; Golubnitschaja, O. Multiomic Patterns in Body Fluids: Technological Challenge
with a Great Potential to Implement the Advanced Paradigm of 3p Medicine. Mass. Spectrom. Rev. 2020, 39,
442-451. [CrossRef]

78. Goldstein, E.; Yeghiazaryan, K.; Ahmad, A.; Giordano, F.A.; Frohlich, H.; Golubnitschaja, O. Optimal
multiparametric set-up modelled for best survival outcomes in palliative treatment of liver malignancies:
Unsupervised machine learning and 3 PM recommendations. EPMA ]. 2020, 11, 505-515. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1002/mas.21612
http://dx.doi.org/10.1007/s13167-020-00221-2
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Circulating Tumor DNA and Circulating Cell-Free DNA 
	Methods for cfDNA Testing 
	ctDNA for Early Detection of Melanoma 
	Prognostic Value of ctDNA Testing in Patients with Surgically Resectable Melanoma 
	cfDNA Testing as Tool to Support Treatment Decisions in Metastatic Melanoma Patients 
	cfDNA Testing for Genomic Profiling and Assessment of Tumor Heterogeneity 
	Prognostic Value of cfDNA Testing in Metastatic Melanoma 
	Monitoring Response to Therapy 
	Identification of Mechanisms of Resistance 

	Conclusions and Future Perspectives 
	References

