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Melanoma is the most aggressive form of skin cancer, and the majority of cases
are associated with chronic or intermittent sun exposure. The incidence of
melanoma has grown exponentially over the last 50 years, especially in
populations of fairer skin, at lower altitudes and in geriatric populations. The
gold standard for diagnosis of melanoma is performing an excisional biopsy with
full resection or an incisional tissue biopsy. However, due to their invasiveness,
conventional biopsy techniques are not suitable for continuous disease
monitoring. Utilization of liquid biopsy techniques represent substantial
promise in early detection of melanoma. Through this procedure, tumor-
specific components shed into circulation can be analyzed for not only
diagnosis but also treatment selection and risk assessment. Additionally, liquid
biopsy is significantly less invasive than tissue biopsy and offers a novel way to
monitor the treatment response and disease relapse, predicting metastasis.
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1 Introduction

Over the last 50 years, the incidence of melanoma has grown exponentially, especially
in the elderly and populations of fairer skin, those living at lower altitudes (Matthews
etal, 2017). Melanoma accounts for more deaths than any other form of skin cancer and
commonly metastasizes to other areas of the body (Matthews et al., 2017). Currently, the
gold standard for diagnosis of melanoma is performing an excisional biopsy with full
resection or an incisional tissue biopsy if the margins are too large. This is an invasive
screening with standard risks of localized skin infections. Despite being the current
standard of care, only about 20% of suspected melanoma cases are confirmed
histologically following excision from dermatologic screening (Carli et al, 2003).
Malignant amelanotic lesions typically take an additional 8 years for detection and
diagnosis as compared to pigmented malignant melanomas, likely due to the lack of
classical risk factors and presentation (Strazzulla et al., 2019). Innovation of diagnostic
procedure is necessary to improve mortality rate as the prognosis for survival depends
largely on diagnosis before melanoma metastasizes (Millet et al., 2017; Strazzulla
et al,, 2019).

Utilization of liquid biopsy techniques represent substantial promise in early detection of
cancers (Nonaka and Wong, 2022; Nonaka and Wong, 2023). Through this procedure, tumor-
specific components shed into circulation are analyzed for both tissue analysis and risk assessment,
including recurrence of tumor development and treatment response (Nonaka and Wong, 2018).

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcell.2024.1420360/full
https://www.frontiersin.org/articles/10.3389/fcell.2024.1420360/full
https://www.frontiersin.org/articles/10.3389/fcell.2024.1420360/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2024.1420360&domain=pdf&date_stamp=2024-08-02
mailto:taichiro.nonaka@lsuhs.edu
mailto:taichiro.nonaka@lsuhs.edu
https://doi.org/10.3389/fcell.2024.1420360
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2024.1420360

Slusher et al.

10.3389/fcell.2024.1420360

FIGURE 1

Circulating biomarkers in melanoma. CTC, circulating tumor cell; miRNA, microRNA; ctDNA, circulating tumor DNA.

Additionally, liquid biopsy is significantly less invasive, only requiring
peripheral venous access rather than a traditional tissue biopsy, and offers
an innovative and novel way to monitor the growth of tumor and
response to treatment.

As an adjuvant to traditional biopsies, liquid biopsy has gathered
much attention from researchers with over 9,000 published articles and
3,000 registered clinical trials (Chen et al, 2020). We recap current
knowledge on the various molecular markers that are currently being
researched including: circulating tumor cells (CTCs), circulating tumor
DNA (ctDNA), circulation microRNAs (miRNAs), and extracellular
vesicles (exosomes). CTCs are highly associated with metastasis, while
miRNAs are present in a stable form due to protection form vesicles. In
addition to detection of CTCs, ctDNA, and miRNAs, epigenetic
alternations, which will be discussed later in this review, can
complement the current isolated methods to achieve better performance.

This review summarizes the potential of using liquid biopsy procedure
in screening and monitoring the disease progression of melanoma and
discusses potential circulating biomarkers for use in diagnosis and
monitoring of melanoma progression and treatment response.

2 Liquid biopsy in melanoma

Over the course of the last decade, several clinical studies have
shown promising results with analyzing blood for tumor particles
shed into circulation (Alix-Panabiéres and Pantel, 2021). Originally
centered around CTCs, liquid biopsy has quickly expanded to
include ctDNAs, miRNAs, (Alix-

proteins, and exosomes
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One
advantage of liquid biopsies is their capability to provide a

Panabieéres and Pantel, 2021). paramount potential
dynamic picture of the nature of the tumor (Figure 1). Analysis
of circulating tumor derivates provides a random sample of the
genetic heterogeneity of the tumor, whereas tissue biopsies are
constrained by the accessibly of the tumor and only provide

insight of tumor nature at the time of collection (Mattox et al., 2019).

2.1 Early detection of melanoma by
liquid biopsy

One of the most important prognostic factors for the effective
treatment and management of melanoma is early diagnosis.
Unfortunately, melanoma is commonly diagnosed in later stages or
after metastasis has occurred (Mohammadpour et al,, 2019). Current
data suggests that inventorying BRAF ctDNA is a viable method for
diagnosis of melanoma and determination of its stage (Figure 2A)
(Kaminska et al, 2021). ctDNA is emerging as one of the most
promising biomarkers for early detection of melanoma, providing a
way to determine the melanoma progression.

2.2 Monitoring treatment response in
melanoma by liquid biopsy

Liquid biopsy is currently utilized in the management of other
cancers, such as colorectal cancer where it aids in treatment

frontiersin.org
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Potential clinical applications of circulating biomarkers in the treatment of melanoma. (A) Schematic time course of disease management and tumor

size in melanoma patients undergoing chemotherapy (or immunotherapy) an

d surgery. Circulating tumor DNA (ctDNA) analysis allows early detection,

monitoring treatment response, monitoring recurrence, and predicting metastasis. Circulating tumor cells (CTCs) analysis can assist the selection of
immune checkpoint inhibitor. miRNAs and protein biomarkers analysis can provide complementary information and help in melanoma diagnosis

and treatment. (B) Use of miRNAs in combination with ctDNA and CTCs allow
cell death by systemic therapy.

decisions and monitoring treatment response. For example, a
study conducted by Ye et al. (2022) demonstrated that changes
in the ctDNAs profile correlated with vemurafenib, irinotecan and
cetuximab (VIC) therapy response and resistance in a cohort of
29 patients with BRAF V600E mutated metastatic colorectal
cancer. Within this study, participants who reached complete
clearance of BRAF V600E ctDNA material had a statistically
(PFS). addition,
researchers were able to isolate and study other ctDNA
material, such as the WNT pathway-related RNF43, which
when predominate demonstrated a favorable prognosis with a

significant  progression-free survival In

response rate as high as 80% and longer PFS after VIC
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s higher disease detection. A spike in ctDNA level reflects transient tumor

treatment (Elez et al., 2022; Ye et al, 2022). The use of liquid
biopsy after a surgical resection of a colorectal tumor with elevated
levels of ctDNAs can be indicative for adjuvant therapy, such as
chemotherapy (Mattox et al., 2019).

With this method and identification of more markers,
melanomas can be monitored more effectively during
treatment regiments using BRAF ctDNA levels as an indicator
2A).

Additionally, the liquid biopsy is quicker than previous

for treatment effectiveness and tolerance (Figure

methods allowing for closer monitoring and immediate results

with obvious reduction in overall complications and metastasis
(Cescon et al., 2020).
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2.3 Monitoring recurrence in melanoma by
liquid biopsy

Minimal residual disease (MRD) refers to the small number of
cancer cells that remain in the body after treatment. The occult
micrometastases can be seen even after successful treatment with
apparent resolution of an early stage cancer, which can result in
relapse (Pantel and Alix-Panabieres, 2019). Post-treatment follow-
up studies using liquid biopsy methods showed detection of ctDNAs
and CTCs for multiple types of cancer allowing detection of MRDs
earlier than standard clinical imaging (Pantel and Alix-Panabieres,
2019). The purpose of monitoring recurrence is to prevent the
conversion of micrometastases to overt metastases.

Although, there is currently no firm evidence that liquid biopsy
can detect MRD in melanoma, multiple studies highlight the
promising liquid biopsy in monitoring MRD in other solid
tumors. Detection of CTCs in high-risk early-stage breast cancer
patients 2 years after completion of chemotherapy has been
associated with shorter overall survival (OS) and disease-free
survival (DES) (Trapp et al, 2019). Hormone-positive breast
cancer patients with positive CTC status 5 years after diagnosis
have 13.1-fold higher recurrence rates (Sparano et al, 2018). In
55 early-stage breast cancer patients, detection of ctDNA with
known somatic mutations from the primary tumor was
associated with increased risks of metastatic relapse and preceded
the clinical diagnosis of relapse by a median of 7.9 months (Sparano
et al,, 2018). In colorectal cancer, the presence of ctDNA following
surgical resection has been associated with significantly higher
recurrence rates (Tie et al, 2016). One study found that
postoperative detection of ctDNA in colorectal cancer patients
had an average lead time of 9.4 months when compared to CT-
based detection of recurrence (Scholer et al,, 2017). Melanoma
patients endure high rates of recurrence and progression after
surgical intervention and or therapeutic treatment (Lin et al,
2018). Developing liquid biopsy modalities to effectively monitor
MRD would allow for earlier detection of disease relapse resulting in
better outcomes. Liquid biopsy may also allow for earlier detection
of treatment resistance as MRD is thought to contribute to acquired
resistance to targeted therapy (Patel et al., 2023).

2.4 Predicting prognosis in melanoma by
liquid biopsy

CTCs and ctDNAs can be measured at diagnosis to provide
prognostic indication in melanoma (Figure 2A). Higher levels of
ctDNAs at diagnosis are associated with poor prognosis in
melanoma patients (Cescon et al, 2020). Disease prognosis is
also inversely related to the number of CTCs in uveal, cutaneous,
and mucosal melanoma (Siravegna et al., 2017; Beasley et al., 2022).

3 Circulating tumor cells (CTCs)
in melanoma

CTCs are cancer cells that shed off primary solid tumors into the
blood stream that function as a seeding mechanism for metastasis
(Figure 1). CTCs maintain genetic heterogenicity of the primary
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tumor and therefore represent significant value for usage in
diagnosis, patient prognosis, disease modeling, and monitoring
tumor response to drug therapy (Yang et al, 2019). One of the
challenges to successful characterization of melanoma CTCs is
utilizing a sufficiently diverse representation of biomarkers in
collection procedure. Prior studies have focused on using
CellSearch™ kits that were developed to isolate CTCs that
express melanoma cell adhesion molecule (MCAM) from blood
samples and detect CTCs by immunostaining with melanoma-
associated chondroitin sulphate proteoglycan (MCSP) (Marsavela
et al,, 2018). A subsequent study found that using MCAM, MCSP,
ATP-binding cassette sub-family B member 5 (ABCB5), and
CD271 captured a significantly high proportion of CTCs (Figure
2A) (Marsavela et al., 2018). Early efforts to quantify CTCs utilized
polymerase chain reaction (PCR) with immuno-capture enrichment
of CTCs via the expression of cell surface antigens (Huang and
Hoon, 2016). However, melanoma cells express unique antigens
including paired box 3 (PAX3), melanoma-associated antigen
T cells 1 (MART-1/Melan-A),
antigen 3 (MAGE-A3), and
(GalNAc-T)

expressed by leukocytes circulating in peripheral blood and could

melanoma-

polypeptide
that are not

recognized by
associated
N-acetylgalactosaminyltransferase

therefore be used to detect CTCs directly by quantitative reverse
transcription PCR (qRT-PCR) without having to perform CTC
isolation or enrichment procedures (Huang and Hoon, 2016).
Other common markers used to identify melanoma CTCs
include microphthalmia-associated transcription factor (MITF)
(Reynolds et al., 2003; Xi et al., 2007; Samija et al., 2010).

3.1 Clinical utility of circulating tumor cells
(CTCs) as biomarkers in melanoma

One of the major limitations for the clinical utility of CTCs as a
liquid biopsy target is their significantly low abundance in
peripheral circulation; 1-3 CTCs typically corresponds to
5 billion blood cells. Another point of concern is that many of
the antigenic markers expressed by CTCs used for isolation
techniques including MCAM, MAGE-A3, MART-1, and HMW-
MAA are expressed by benign melanocytes, spermatocytes, other
forms of cancerous cells and endothelial cells (Kaminska et al,,
2021). Current data suggests that inventorying CTCs is a viable
method for diagnosis of melanoma and determination of its stage
(Kaminska et al., 2021). CTCs could potentially provide a way to
determine the melanoma progression. A study using
immunomagnetic enrichment techniques to capture CTCs by
utilization of MCAM, MCSP, ABCB5, and CD271 to compare
populations of CTCs in circulation between individuals with
that CTC
populations were significantly higher in metastatic melanoma
(Figure 2A) 2012). This

measurement of CTCs could serve as an indicator to melanoma

primary and metastatic melanomas, found

(Freeman et al, suggests that
prognosis and a diagnostic tool for metastasis. A study also
demonstrated that the volume of CTCs was correlated with the
aggressiveness and stage of disease and applied to the overall
survival of patients with metastatic melanoma (Ulmer et al,
2004). The levels of MCAM, MAGE-A3, tyrosinase, and
melanoma-associated tumor antigen p97 mRNA markers found
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TABLE 1 Clinical trials on CTCs in melanoma listed on ClinicalTrials.gov database. No results were posted to ClinicalTrials.gov for all clinical trials listed here
as of June 2024.

ClinicalTrials ID Location Enrollment Objective NEITH

NCT01573494 2012 France 30 Detect CTCs in melanoma Completed NA
NCT01558349 2012 France 73 Compare EPISPOT and CellSearch Completed NA
NCT01528774 2012 United States 150 Characterize CTCs in melanoma Completed NA
NCT03797053 2019 France 450 Develop CTC marker for predicting disease progression Unknown NA
NCT04628806 2020 Germany 120 Compare HSP70 and EpCAM for CTC isolation Unknown NA

NA, not applicable.

in CTCs have also been suggested to be representative of disease
relapse (Hoon et al., 2000). Research demonstrated that detection
of CTCs was significantly associated with disease relapse within
6 months of baseline measurement in newly diagnosed patients
with stage IIT melanoma (Lucci et al., 2020).

Monitoring CTC response to therapeutic interventions could be
of immense value for treatment selection for metastatic melanoma.
Dynamic fluctuations in CTC profiles are representative of response
to therapeutic drugs in melanoma. A recent study demonstrated that
CTC decreased in response to vemurafenib treatment correlating
with increased OS in patients with metastatic melanoma patients
(Klinac et al., 2014). This highlights potential for using CTC profiles
to monitor response to vemurafenib treatment. Liquid biopsy
characterization could also serve use in identifying patients with
drug resistant disease. Approximately 50% of patients with
metastatic melanoma harbor mutations for the serine/threonine-
protein kinase BRAF resulting in constitutive activation of the
mitogen activated protein kinase cascade; a significant proportion
of these melanomas are intrinsically resistant to BRAF inhibitors
while others acquire resistance within a few months (Welsh et al,,
2016). CTC populations decreased in patients after receiving
immunotherapy for BRAF, NRAS, and KIT mutant alleles in
metastatic melanoma, highlighting the utility of monitoring CTC
response to treatment to identify BRAF-mutant non-responders
(Hong et al., 2018). Importantly, PD-L1 expression on CTCs is
predictive of response to pembrolizumab in advanced melanoma
(Figure 2A) (Khattak et al., 2020).

Immune checkpoint inhibitors (ICI) have revolutionized
treatment for advanced melanoma, as evidenced by impressive
rates of tumor regression and survival benefit compared to
conventional treatments (Carlino et al., 2021). Data from a
recent meta-analysis suggests that for all forms of cancers, PD-
L1-positive CTCs were associated with a worse prognosis and
shorter PFS and OS (Kong et al., 2021). However, the prescence of
PD-L1-positive CTCs in melanoma has been associated with a
strong response to ICL In a study of 40 patients with advanced
melanoma undergoing pembrolizumab treatment, patients with
detectable PD-L1-positive CTCs had a significantly longer PFS
compared with PD-L1-negative patients, suggesting that PD-L1
expression on CTCs may predict response to pembrolizumab
(Khattak et al, 2020). This data suggests that analyzing
patients’ individualized CTC PD-L1 expression profile may
provide substantial benefit in the clinical decision-making
process and allow for personalized treatment based on liquid
biopsy results (Figure 2A).

Frontiers in Cell and Developmental Biology

3.2 Clinical trials for CTCs in melanoma

Currently, there are five clinical trials related to the CTCs in
melanoma (Table 1). Table 1 shows several studies that are focused on
the treatment response and how CTCs can play a role in prognosis,
while others are focused on the survival evaluation of patients with
melanoma or metastatic melanoma. Interestingly, there is one study
focused on using heat shock protein (HSP) 70 to better characterize
CTCs due to their low abundance in blood samples and compare
those results to current methods of measuring CTCs. There is a
decrease in the number of active, recruiting, and completed trials
when compared to previous papers that have summarized clinical trial
findings; however, the trials are more diverse in the nature of their
outcomes than before (Boyer et al., 2020).

4 Circulating tumor DNA (ctDNA)
in melanoma

ctDNA is highly fragmented double-stranded DNA that
circulates in blood, saliva, urine, and cerebrospinal fluid (Sacco
et al,, 2020; Nonaka and Wong, 2022). Increase in cell-free DNA
(cfDNA) is observed in several pathological conditions including
cardiovascular disease, infections, heart failure, and cancer
(Thierry et al., 2016). ctDNA is DNA released into circulation
by necrotic or apoptotic cells of the primary tumor (Figure 1)
(Alix-Panabieres et al., 2012). ctDNA is typically released in early
developmental stages of tumor growth and commonly travel in
circulation as nucleosomes, indicating that ctDNA possesses
original features of nuclear chromatin for the tumor (Alix-
Panabieres et al, 2012). Solid tumor’s ctDNA is primarily
released into circulation after necrosis; it has been well
established that ctDNA levels are higher in patients with
advanced cancer compared to low-grade cancer (Marzese et al.,
2013). Like other liquid biopsy methods, one of the major
challenges for using ctDNA as a clinically viable blood-based
biomarker is developing highly sensitive methods to detect
ctDNA. Dilution of tumor-derived DNA with normal DNA in
circulation requires methodology that can detect DNA variants at
low mutant allelic frequencies in the cfDNA; current methods for
detection of ctDNAs include qPCR, emulsion-PCR and next-
generation sequencing (NGS) (Sacco et al, 2020). A major
concern with ctDNA analysis as a method of routine diagnostic
procedure is that melanoma is a heterogenous tumor typically
composed of several subclones (Yancovitz et al., 2012). A source of
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concern is that ctDNA harboring specific genetic mutations can
theoretically originates from any subclone rather than the
predominant clone or from the premalignant lesion (Gaiser
et al., 2018).

4.1 Clinical utility of circulating tumor DNA
(ctDNA) as biomarkers in melanoma

Analysis of ctDNA for tumor-specific mutations is a promising
application of liquid biopsy technique for determination of
prognosis in cancers. Tumor volume, location and cellular
turnover influence the levels of ctDNA in melanoma patients
(Jahr et al, 2001; Heitzer et al, 2015). ctDNA levels in
melanoma are associated with tumor burden; a past study
demonstrated that ctDNA levels correlated significantly with
other indicators of disease burden in melanoma patients
including lactate dehydrogenase (LDH) and melanoma inhibitory
activity (MIA) (Sanmamed et al., 2015). A recent study found that
BRAF mutations in ctDNA are detectable in more than 75% of
harboring BRAF V600E/V600K-positive
tumors, suggesting that lacking BRAF mutation-positive ctDNA

melanoma patients

may be a prognostic indicator for better outcome for metastatic
melanoma patients (Santiago-Walker et al., 2016). Patients negative
for BRAF mutation-positive ctDNA also had better responses to
MEK inhibitor (trametinib) and BRAF inhibitor (dabrafenib)
(Santiago-Walker et al., 2016). Low baseline ctDNA levels are
associated with long-term clinical benefits and can be useful in
predicting patient response to immunotherapy (Gray et al., 2015). A
phase II clinical trial demonstrated that high baseline levels of
ctDNA were correlated with a lower response rate and PES in
targeted therapeutic interventions with the BRAF inhibitor
dabrafenib (Ascierto et al, 2013). It has also been reported in
study comparing LDH to ctDNA levels, that elevated ctDNA
levels had higher sensitivity than LDH for determining disease
progression (Chang et al, 2016). BRAF, NRAS and TERT
mutations are present in more than 66% of melanomas; a study
performed in 2020 measuring ctDNA levels harboring these
mutations in 19 different patients with late-stage melanoma
concluded that detectable levels of ctDNA had a shorter PFS and
shorter median time for disease progression at 50 days compared to
146 days for patients that did not have detectable ctDNA (Figure 2A)
(Marczynski et al., 2020).

Quantification of ctDNA has also been shown to be useful
indicator of response to treatment. ctDNA harboring BRAF
V600E mutation has shown promise to monitor treatment
response to BRAF inhibitors (Figure 2A). Higher BRAF V600E
ctDNA concentrations correlate to disease progression and initial
tumor burden while lower concentrations are associated with initial
treatment response and higher PFS and OS (Sanmamed et al., 2015).
Programmed cell death protein 1 (PD-1) inhibitors are foundational
therapeutics in the treatment of metastatic melanoma, and
assessment of BRAF V600E/V600K ctDNA levels in patients
receiving anti-PD-1 treatment has been shown to be an accurate
predictive factor for tumor response, PFS, and OS (Lee et al., 2017).
It has also been demonstrated that levels of mutant BRAF and NRAS
ctDNA concentrations in patients with metastatic melanoma
correlated with decreased metabolic activity monitored by
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fluorodeoxyglucose positron emission tomography (FDG-PET) in
response to therapeutic interventions (Wong et al., 2017). ctDNA
analysis is also effective in the identification of acquired resistance
mutations. NRAS mutations have been identified in 8%-26% of
patients with acquired BRAF inhibitor resistance. ctDNA collected
from patients that had initially responded to BRAF inhibitors
(dabrafenib/trametinib)
development of treatment resistance that where not present prior

harbored NRAS mutations following

to treatment initiation (Gray et al., 2015).

KRAS mutations promote and maintain tumor growth through
the RAS/MAPK pathway and are thought to be present in
approximately 25% of all human cancers (Mustachio et al., 2021).
KRAS mutations are associated with a poor prognosis in melanoma
patients (Zhou et al,, 2024). There is a high concordance level in
KRAS mutations between ctDNA and primary tumor tissue
(Bettegowda et al, 2014). Analysis of ctDNA during EGFR
inhibitor therapy has shown rapid emergence of KRAS and
NRAS mutations due to selective pressure; withdrawal of EGFR
inhibitory therapy results in a decrease in KRAS-mutant subclones
(Siravegna et al., 2015). This suggests that mutant ctDNA reflects
dynamic changes in the tumor microenvironment that can be
utilized to direct clinical decision making in timing and selection
of target therapeutics. Upregulation of EGFR has also been
associated with BRAF inhibitor resistance, indicating a potential
role for ctDNA in early identification of resistance to vemurafenib
and dabrafenib 2021).
Characterization of EGFR mutations has been a specific focus of

in metastatic melanoma (Ji et al,

ctDNA liquid biopsy as they have demonstrated high specificity for
specific mutations used to guide therapeutic interventions in
patients with lung cancer (Nakamura et al., 2011). Liquid biopsy
with ctDNA may play a similar role in melanoma as increasing
that
tumorigenesis and resistance mechanisms (Simiczyjew et al,
2019; Pastwinska et al., 2022).

evidence suggests EGFR overactivity is involved in

4.2 Epigenetic-based liquid biopsy

In addition to the abnormal genetic changes in ctDNA due to
the oncogenic process, epigenetic changes represent another
avenue of utility that could potentially be used in conjunction
with ctDNA mutations to provide better accuracy for these test
(Chen et al., 2020). For example, a review by Li et al. (2022) showed
that ctDNA methylation occurs earlier in malignant lung cancers
and can be a potent biomarker to aid ctDNA sequencing.
Epigenetic alterations in ctDNA have also been shown as
potential prognostic factors. Several genes methylated in
primary and metastatic melanomas were detected in serum as
methylated circulating DNA (Hoon et al,, 2004). Circulating
methylated RASSFIA DNA was more commonly found in
melanoma patients that were nonresponsive to chemotherapy
(Figure 2A) (Mori et al,, 2006). Circulating methylated ESRI
encoding Estrogen Receptor alpha (ER-a) was also correlated
with worse prognosis in melanoma patients (Figure 2A) (Mori
et al,, 2006). Since epigenetic profiles vary between cases, it may be
challenging to create a sensitive and specific ctDNA methylation
profile. However, epigenetic alterations can differ between cell
types, covering the shortcomings of ctDNA mutation profiling
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TABLE 2 Clinical trials on ctDNA in melanoma listed on ClinicalTrials.gov database. No results were posted to ClinicalTrials.gov for all clinical trials listed

here as of June 2024.

ClinicalTrials ID  Year Location Enrollment Objective Status Ref
NCT01334008 2011 France 40 Develop ctDNA detection technique in choroidal Completed NA
melanoma
NCT02251314 2014  Canada 12 Assess tumor heterogeneity in BRAF-mutant Completed NA
melanoma
NCT02849145 2016  France 60 Evaluate ctDNA in metastatic uveal melanoma Completed NA
NCT03416933 2018 France 35 Monitor TKIs treatment response in BRAF-mutant Completed NA
melanoma
NCT03517332 2018  United States 10,000° Detect mutations in ctDNA in solid tumors Unknown NA
NCT03808441 2019 United Kingdom 21 Monitor tumor burden in BRAF-mutant melanoma Active, not NA
recruiting
NCT04354064 2020 | United States 100 Assess treatment response in solid tumors Recruiting NA
NCT04866680 2021 France 165 Predict resistance to immunotherapy in melanoma Recruiting NA
NCT04901988 2021 | United Kingdom 8 Assess response to immunotherapy in melanoma Terminated” NA
NCT04761783 2021 United States 1,539 Assess response to immunotherapy in solid tumors Active, not Kasi et al.
recruiting (2022)
NCT05196087 2022 Canada 500 Detect molecular residual disease before metastasis Recruiting NA

“Prospective, multi-center, blinded feasibility study in different types of solid tumors.

"Terminated: Closed earlier than expected due to the need for a redesign to reflect the recent change in standard of care guidelines. NA, not applicable.

alone, with the most extensively studied being ctDNA methylation
(Chen et al., 2020).

4.3 Clinical trials for ctDNA in melanoma

There are currently eleven active, recruiting, completed,
terminated, or unknown clinical trials that are using ctDNA in
some capacity with relation to melanoma (Table 2). Ten of the
eleven trials are focusing on prognostic studies that associate the
levels of ctDNA in patients with melanoma to PES or OS (Table 2).
Three of these trials are focusing on the pre- and post-treatment
outcomes of various therapies.

5 Other circulating biomarkers
in melanoma

5.1 Proteins

Currently lactate dehydrogenase (LDH) is the only serum
protein that is used in melanoma-staging procedure per the most
recent edition of the AJCC Cancer Staging Manual (Gershenwald
et al,, 2017). LDH is thought to be released into circulation with
melanoma cells outgrow their vascular supply as it is responsible for
the conversion of pyruvate to lactate in low oxygen environments
(Balch et al.,, 2001). In a study conducted with 1,085 late-stage
melanoma patients, elevated LDH concentration correlated with
worsened survival rates but interestingly did not correlate with
tumor size or metastatic sites (Agarwala et al., 2009). Serum
LDH levels have also shown promise in monitoring disease
response and predicting PFS and OS rates in patients receiving
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dabrafenib and trametinib treatment for metastatic BRAF-mutant
melanoma (Table 3) (Long et al., 2016). Elevated LDH levels are a
poor prognostic metric for anti-CTLA-4 treatment (ipilimumab) for
metastatic melanoma and indicative of poor OS (Figure 2A) (Diem
et al., 2015).

Members of the S100 protein family are known to play
different roles, including influencing cytoskeletal structure,
macrophage activation, modulation of cell proliferation,
inflammation, and carcinogenesis (Salama et al., 2008). S100B is
commonly expressed by melanoma and is known to directly
interact with p53 tumor suppressor protein, promoting
tumorigenesis in melanoma (Lin et al, 2010). S100B is
currently one of the best characterized biomarkers of melanoma
and has been routinely used as an immunohistochemical marker
for diagnosis of malignant melanoma (Palmer et al., 2011).
Increasing levels of S100B correlate with disease progression,
and levels of S100B are significantly higher in patients with
stage IV melanoma than individuals with early-stage disease
(Palmer et al., 2011). Studies have also shown that S100B levels
are dynamic representations of disease status and fluctuate as the
disease progresses and regresses, suggesting that monitoring S100B
could be a valuable metric in monitoring treatment response
(Figure 2A) (Hamberg et al., 2003). Elevated baseline S100B
levels are also associated with decreased OS in late-stage
melanoma patients receiving anti-PD-1 and anti-CTLA-
4 therapeutic interventions (Felix et al., 2016; Wagner et al,
2018). Serum S100B levels show great potential as a prognostic
marker as well (Tarhini et al., 2009), and several reports indicate
that increasing S100B levels correlate with aggressive disease and
reduced survival (Figure 2A) (von Schoultz et al., 1996; Abraha
et al., 1997; Hauschild et al., 1999; Karnell et al., 1997; Bonfrer

et al., 1998).
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TABLE 3 Protein biomarkers with prognostic outcomes as well as specificity and sensitivity for melanoma.

PFS (months)

OS (months)

Specificity (%)

Sensitivity (%)

LDH Normal 17.4 455 N/A N/A Long et al. (2016)
1<ULN <2 7.4 17.0 N/A N/A
2 < ULN 5.5 8.8 100 429

S100B Normal 38.4 94.8 N/A N/A Tarhini et al. (2009)
Elevated (>0.15 g/L) 16.8 55.2 50.0 58.3

MIA Normal 24 N/A N/A N/A Sanmamed et al. (2014)
Elevated (9.0 ug/L) 4 N/A 100 81.8

PFS, progression-free survival; OS, overall survival; N/A, not applicable; ULN, upper limit normal.

Melanoma inhibitory activity (MIA) protein is highly
expressed by melanoma cells but not by normal melanocytes
(Bosserhoff, 2005). MIA
attachment to laminin/fibronectin via blocking of integrin

In vivo, inhibits melanoma cell
binding sites allowing for invasion and metastasis (Bosserhoff
et al., 2003). A study quantified levels of MIA in serum using
ELISA in comparison to S100 and soluble intercellular adhesion
molecule 1 (ICAM-1) and suggested that MIA was the more
sensitive biomarker and found that enhanced MIA serum levels
where present in 100% of patients with stage III or IV melanoma
(Bosserhoff et al,, 1997). MIA represents a promising serum
marker for systemic malignant melanoma with high sensitivity
and specificity (Sanmamed et al., 2014). Since this study was
conducted, recent literature suggests that higher MIA levels are
associated with short OS and disease-free survival (DFS) and that
monitoring S100B, MIA, and LDH serum levels could prove useful
in prediction of OS and DFS (Figure 2A) (Schultz et al., 1998;
Garbe et al., 2007; Garbe et al., 2008; Nikolin et al., 2016).

5.2 microRNAs (miRNAs)

miRNAs are single-stranded molecules of noncoding RNAs that
average 20-24 nucleotides in length that negatively regulate gene
expression to influence cellular differentiation, proliferation, and
apoptosis (Esquela-Kerscher and Slack, 2006). miRNAs influence
both the development and progression of cancer (Calin and Croce,
20065 Esquela-Kerscher and Slack, 2006). Expression of miRNAs is
characteristically dysregulated in malignancy by epigenetic
alterations, chromosomal abnormalities, and changes in
transcriptional control mechanisms (Chen et al., 2012).

One of the most appealing characteristics of using miRNAs as a
blood-based biomarker for liquid biopsy techniques is their stability.
miRNAs in circulation are protected from endogenous RNase
activity by exosome packaging before secretion from the
melanoma cells (Mitchell et al., 2008). Commonly used methods
of detection for miRNAs include qRT-PCR and microarray; new
techniques including rolling circle amplification (RCA) and loop-
mediated isothermal amplification (LAMP) have also been
developed to detect serum miRNAs more efficiently (Ye et al., 2019).

Several different miRNAs have been studied in correlation with
melanoma (Table 4). For example, metastatic melanoma patients have

higher levels of miR-221 than healthy controls (Kanemaru et al,, 2011;
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Lietal, 2014). miR-221 levels are increased with stage I-IV melanoma
compared to melanoma in situ and miR-221 correlated with the
thickness of the tumor (Kanemaru et al., 2011). Higher serum miR-
221 levels are also associated with a worse OS rate for cutaneous
malignant melanoma (Figure 2A) (Li et al,, 2014). Additionally, miR-
122-5p, miR-203, miR-424, and miR-3201 have been detected in the
sera of patients with melanoma (Figure 2A) (Margue et al., 2015;
Sahranavardfard et al., 2019).

The literature highlighting the potential of miRNAs as useful
biomarkers for melanoma treatment is impressive. For example,
microarray  profiling performed on plasma samples from
32 patients with stage I-IV melanoma and 16 healthy controls lead
to the identification of a 38-miRNA signature (MEL38) that had the
ability to distinguish between melanoma patients of varying stages and
healthy controls with both high specificity and sensitivity (Figure 2A)
(Van Laar et al,, 2018; Van Laar et al,, 2023). miR-29¢-5p and miR-
324-3p levels are markedly lower in the serum of metastatic melanoma
patients compared to healthy controls and can be used to distinguish
melanoma for renal and colon cancer (Greenberg et al, 2013).
Upregulation of miR-149-3p and miR-150-5p and downregulation
of miR-193a-3p has been demonstrated to discriminate melanoma
patients (stage I-IV) from healthy individuals at a high capacity (Figure
2A) (Fogli et al.,, 2017). Plasma levels of miR-125b are elevated in uveal
melanoma patients compared to health controls; miR-125b levels are
also more elevated at metastasis compared to the levels at the initial
diagnosis (Achberger et al., 2014).

Serum levels of miR-15b, miR-30d, miR-150, and miR-425 have
been used to stratify patients into risk groups for disease recurrence
with high sensitivity (Figure 2A) (Fleming et al., 2015). Decreases in
miR-206 serum levels are associated with poor prognosis and
advanced disease progression (Tian et al, 2015). Reports also
suggest that expression of miR-221 correlates to traditional
pathologic melanoma prognostic characteristics including tumor
thickness, higher T and N classification, poor differentiation,
metastasis, and advanced clinical stage (Li et al., 2014). Higher
serum levels of miR-221 are also associated with a significantly lower
recurrence-free survival rate and 5-year survival rate (Li et al., 2014).
Interestingly, circular RNA (circRNA_0082835) was demonstrated
to promote lymphatic metastasis of melanoma by inhibition of miR-
429 (Sun et al., 2021). The study also concluded that levels of miR-
429 decreased with lymphatic metastasis, suggesting the potential
value of miR-429 for monitoring melanoma disease progression
(Sun et al, 2021).
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TABLE 4 Summary of potential miRNA markers in liquid biopsy and their primary diagnostic and prognostic associations in melanoma.

miRNA marker Expression Clinical utility Ref

miR-125b Upregulated Diagnostic for uveal melanoma metastases Achberger et al. (2014)

miR-221 Upregulated Prognostic for stage, worse PFS and OS Kanemaru et al. (2011), Li et al. (2014)
miR-149-3p, miR-150-5p Upregulated Diagnostic for melanoma patients (stage I-IV) Fogli et al. (2017)

miR-15b, miR-30d, miR-150, miR-425 Upregulated Prognostic for disease recurrence Fleming et al. (2015)
miR-122-5p, miR-203, miR-424, miR-3201 = Upregulated Diagnostic for melanoma patients Margue et al. (2015), Sahranavardfard et al. (2019)
38 miRNAs panel (MEL38)* Upregulated Distinguish stages with high sensitivity and specificity Van Laar et al. (2018), Van Laar et al. (2023)
miR-16 Downregulated  Diagnostic for early and late-stage melanoma Guo et al. (2016)

miR-193a-3p Downregulated = Diagnostic for melanoma patients (stage I-IV) Fogli et al. (2017)

miR-206 Downregulated  Prognostic for worse PFS and OS Tian et al. (2015)

miR-429 Downregulated = Diagnostic for lymphatic metastases Sun et al. (2021)

miR-29¢-5p, miR-324-3p Downregulated = Distinguish melanoma from renal and colon cancer Greenberg et al. (2013)

38 miRNAs panel comprises miR-424-5p, miR-548], miR-34a-5p, miR-497-5p, miR-299-3p, miR-205-5p, miR-1269a, miR-624-3p, miR-138-5p, miR-1-5p, miR-152-3p, miR-1910-5p, miR-
181b-5p, miR-3928-3p, miR-3131, miR-301a-3p, miR-1973, miR-520d-3p, miR-548a-5p, miR-548ad-3p, miR-454-3p, miR-4532, miR-1537-3p, miR-553, miR-764, miR-1302, miR-1258, miR-
522-3p, miR-1264, miR-1306-5p, miR-219a-2-3p, miR-431-5p, miR-450a-5p, miR-2682-5p, miR-337-5p, miR-27a-3p, miR-4787-3p, and miR-154-5p.

PFS, progression-free survival; OS, overall survival.

A major hurdle to the implementation of miRNA as biomarker
in the treatment of melanoma is developing sufficient collection and
amplification procedure for reliable analysis. For example, miR-16
was reported to be downregulated in the serum of early-stage
melanoma patients (stage I-II) compared to health controls and
is markedly downregulated in the serum of late-stage melanoma
patients (stage ITI-IV) compared to early-stage patients (Guo et al.,
2016). Conversely another study using a different miRNA isolation
kit found that miR-16 levels increased in the serum of melanoma
patients compared to healthy controls (Stark et al, 2015).
Conflicting results between these two studies could potentially be
attributed to variation in the sensitivity and specificity of different
qRT-PCR assays paired with variations in miRNA extraction Kkits.

5.3 Extracellular vesicles (exosomes)

Exosomes are a subset of extracellular vesicles that originate
from vastly diverse cell populations (Yéaiez-M¢ et al., 2015). The
lipid membranes of exosomes provide a protective function by
protecting the exosome contents from degradation from
physiological enzymes found in body fluids, including blood,
saliva, urine, and cerebrospinal fluid (Yafez-Mé et al, 2015;
Nonaka and Wong, 2017). Exosomes contain several differing
populations of physiologically significant molecules, including
DNA, messenger RNAs (mRNAs), miRNAs, and proteins (Wang
et al, 2016; Cheng et al., 2019). Exosomes play a critical role in
maintaining the tumor microenvironment, transporting proteins,
modulating signaling pathways, drug resistance, and metastasis
(Webber et al., 2010; Peinado et al., 2012). Exosomes are secreted
by cells, traverse the lymphatic system, and then enter circulation
(Figure 1) (Caby et al., 2005).

Exosomes derived from melanoma cells contain key differences
that allow for discrimination from normal melanocytes (Xiao et al.,

2012). A study found that MIA and S100B proteins could be isolated
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from melanoma-derived exosomes at concentrations that
significantly correlated with serum concentrations (Table 5)
(Alegre et al., 2016). Exosomal MIA and S100B levels were also
higher in late-stage melanoma patients and associated with shorter
survival (Alegre et al,, 2016).

Characterization of exosomes from melanoma cells shows
significant potential for predicting and monitoring response to
therapy. Metastatic melanoma cells release high levels of exosomes
that carry PD-LI on their surface; IFN-g facilitates upregulation of
exosomal PD-LI, promoting tumor growth by inhibition of CD8"
T cells (Chen et al, 2018). Characterization of PD-L1 levels in
exosomes shows promise in predicting a patient’s response to ICL
A prior study analyzing the amount of exosomal PD-L1 in stage ITI-IV
melanoma patients before and after treatment with pembrolizumab
found that higher exosomal PD-L1 levels were associated with worse
clinical outcomes as T cells cannot overcome the solid inhibitory effect
(Chen et al,, 2018). Similarly, another study found that high PD-L1
levels and low exosomal CD28 expression negatively impact PFS in
patients undergoing anti-PD-1 immunotherapy (Zhang et al., 2020).
This suggests that higher pretreatment exosomal PD-L1 levels are
likely to make immunotherapy ineffective due to diminished CD8*
T cell response. Reductions in exosomal PD-L1 during ICI have also
been shown to correlate with radiographic evidence of tumor response
on PET-CT and CT scans, suggesting that exosomal expression of PD-
L1 is directly related to a patient’s response to ICI therapy
(Cordonnier et al., 2020).

Cancer cells communicate with their microenvironment
through exosomes and microvesicles to facilitate tumor growth,
metastasis, immune system evasion, and angiogenesis. Exosomes
play a part in complex cellular interactions between tumor cells and
the tumor microenvironment at every step of cancer progression,
therefore, characterization of exosomes provides real-time
information about how tumor cells interact with surrounding
tissues (Hu et al.,, 2022; Wang et al., 2023). Exosomes alter cells

in the tumor microenvironment leading to immunosuppressive
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TABLE 5 Summary of potential exosomal markers in liquid biopsy with relation to the overall survival in patients with melanoma.

Exosomal marker Level

S100B Normal (<0.03 pg/L)
Elevated (>0.03 pg/L)
MIA Normal (<2.5 pg/L)

Elevated (>2.5 ug/L)

AUQG, area under the curve.

effects and decreased response to immunotherapy (Morrissey et al.,
2021). The complex interaction between exosomes and the tumor
microenvironment makes determining the accuracy of liquid biopsy
testing a significant challenge. Tumor immunopathology is
incredibly complicated and is incompletely understood (Ilie et al.,
2017). Additionally, microenvironmental factors have been shown
to influence the release of materials used for liquid biopsies further
complicating the accuracy of liquid biopsy (Raimondi et al., 2017).

6 Conclusions and future perspectives

While incisional and excisional biopsies remain gold standard for
melanoma detection, its limitations can be overcome with alternative
methods. Liquid biopsy can provide a much broader analysis of
melanoma while remaining less invasive than current methodology.
This method can not only provide early detection of melanoma but
also long-term protection against metastasis using ctDNA or CTCs.
This method provides a novel approach against devastating
complications of an otherwise very treatable disease. Additionally,
liquid biopsy could be repeated several times throughout a treatment
regimen to determine response to treatment, resistance, and prognosis
of the melanoma (Alix-Panabieres and Pantel, 2021).

Recent shifts from CTCs to ctDNA for early detection and
monitoring disease have shown promising with more recognition in
recent studies. Using ctDNA as a primary marker indicates quicker
diagnosis and thus treatment options for patients. Additionally,
protein markers can provide high specificity; however, many of these
markers have sensitivity limitations that reduce their clinical validity
for recurrence detection. MIA can be further investigated as its
sensitivity and specificity are high. S100B protein has a short half-life
which can be utilized in evaluation of treatment efficacy.

Due to the rapid evolving nature of liquid biopsy, other new
technologies, such as artificial intelligence (AI), could be an additional
complement to liquid biopsy in the future. AI has been used in the
past with magnetic resonance imaging (MRI) and other imaging
modalities to diagnose and monitor patients with cancer; therefore, it
is only reasonable to assume that its application in liquid biopsy to
create detailed spatial and functional assessments of disease and
determining risk is the natural progression of these technologies
(Foser et al.,, 2024). In colorectal cancer, Al has shown promising
results with genetic testing analysis and liquid biopsy. Due to
enormous volume of data that is required by liquid biopsy, AI
machine learning can be implemented where other methodologies
have failed to sort, analyze, and evaluate with one study, stating that
Al achieved clinical sensitivity and specificity of 80% in a CTC
preparation and 70% in a serum protein biomarker in colorectal
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AUC OS (months) Ref

0.840 10 Alegre et al. (2016)
7

0.883 11 Alegre et al. (2016)
4

cancer (Ginghina et al., 2022). Liquid biopsy complimented with AI
has an extremely promising future. Although the widespread
application of liquid biopsy is exciting and promising, there are
some technological limitations to the clinical implementation. For
clinics to implement liquid biopsy, it would require tremendous time
and monetary resources for AI machine learning, new sequencing
machines, software, cloud storage required to store tremendous
information, training and technicians for wet laboratory work, data
analysts, and a board of individuals to assist (Ignatiadis et al., 2021).

From review, clinical validity can be established for both ctDNA
and CTCs in melanoma detection; however, future studies should focus
on identifying and improving individual tumor markers for better
patient stratification and tumor typing. Currently, highly significant
levels of select miRNA tumor markers in patients with melanoma could
be evidence of superior biomarkers, which should be explored further
(Jones and Nonaka, 2024). Use of miRNAs in combination with
ctDNA and CTCs would allow higher disease detection (Figure 2B).
While more planning and integration into the clinical workflow is
needed, the potential of early diagnosis, continuous treatment
monitoring, predicting metastasis, and advancements to precision
oncological medicine warrant optimistic conclusions.
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