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Abstract: Cutaneous melanoma (CM) is a public health issue and a major challenge for scientists.
At the dawn of the "omics era", we witnessed groundbreaking advances in CM molecular
stratification and therapeutic management assisted by genomic profiling and sequencing
technologies. However, melanomagenesis is a complex and multifactorial process that cannot be
restricted only to genomic aspects, requiring investigation from a multi-omics perspective. The
Cancer Genome Atlas (TCGA) is an important repository of multiple types of omics data, and in
particular, for CM, it has been shown that multi-integration can lead to prognosis models with
improved prediction performance. We present herein how droplet digital PCR (ddPCR), a relatively
young omics technology can complement existing approaches in the field to detect multiple types
of alterations in both body fluids as well as formalin-fixed tissues harvested from CM patients and
how these findings may broaden our vision on CM research, diagnosis, prognosis and therapy in
the context of precision medicine.
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1. Multi-omics-based biomarkers: the roadmap towards personalized care in CM

Skin melanoma is one of the most heterogeneous and metastatic malignancies, with an
increasing incidence in fair-skinned populations [1]. Genomic interrogation, assisted by high-
throughput sequencing technologies and microarrays, has guided the rudimentary stratification of
these tumors and the therapeutic decisions [2]. However, it has been shown that the pathogenesis of
CM is more complex than previously thought, involving dramatic transformations at almost all
tumor levels: genomic, epigenomic, transcriptomic, proteomic, metabolomic, and so forth [3,4].
Therefore, to better capture and characterize biological events associated with prognosis or response
to therapy in cancers, scientific research has undergone a remarkably swift transition from single-
level tumor interrogation to multidimensional omics research. The recent advancements in
technology and bioinformatics equipped us with data on multiple types of omics measurements, such
as mRNA-gene expression, DNA methylation, microRNAs (miRNAs), copy-number variations
(CNVs), and so on. These types of omics activities may be independent or overlap, reflecting
distinctive patterns of the disease [5].

Recent studies have revealed the importance of multi-integration for precision medicine in CM.
Several research groups have focused on the prognosis potential of multi-omics data. For instance, it
has been proved that the integration of gene expression, DNA methylation, and CNVs data may
reveal new dysregulated signaling pathways in CM, with important implications for prognosis [3].
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Similarly, an integrative study analyzing stage III patients confirmed the prognostic capabilities of
gene expression, proteins, and microRNAs in correlation with clinical, pathological, and mutational
data [6]. Other studies have focused on the predictive value of multi-omics analysis in CM. For
example, in the HOPE project, whole-exome sequencing (WES) and gene expression profiling data
revealed that complete remission under the clinically approved anti-PD1 antibody (e.g. Nivolumab,
Opdivo) is associated with elevated levels of PDL-1 protein and an increased number of single
nucleotide variants (SN'Vs) [7]. Therefore, in the future, evaluation of this disease from a multi-omics
perspective is expected to provide a more specific molecular classification of CM but also to give
clues about the mechanisms that drive tumorigenesis, metastasis, and resistance to therapy in these
tumors [8].

Droplet digital PCR (ddPCR), an accurate and relatively inexpensive omics technology, is
arousing considerable scientific interest in the field of biomarker research [9]. This technology enables
the investigation and validation of several types of omics alterations detected by whole-genome
screening (WGS) techniques, such as Next-Generation Sequencing (NGS). NGS provides a
comprehensive picture of the mutational inventory of a tumor; however, the technology is not
suitable for tracking mutations over time, as it is extremely expensive and meticulous [9]. Yet,
combining NGS with ddPCR can broaden the applications and increase the benefits of both
techniques. For instance, once a set of mutations was identified by NGS in ctDNA, researchers can
exploit ddPCR, which is less expensive and laborious, to interrogate that set of biomarkers and obtain
relevant information about tumor progression and response to therapy [10].

2. Droplet digital PCR: a versatile omics technology in oncology

ddPCR, a highly sensitive and specific technology, relies on a water-oil emulsion droplet system
that involves the partitioning of nucleic acid samples into 20,000 nanoliter-sized droplets that serve
as independent test tubes or reactions[11]. By employing oil, water, and a chemical stabilizer
emulsion, each sample is diluted into thousands of individual partitions, some of which that do not
contain template DNA and others that contain one or more target sequences [12]. A PCR reaction
takes place in each tube. Each partition is then examined for amplified target DNA by fluorescence
so that the number of positive and negative droplets can be counted, facilitating the quantification of
target molecules under the assumption of Poisson distribution [13]. The limit of detection (LoD) is
about 0.005%, lower than that of RT-PCR (1%), pyrosequencing (5%), melting curve analysis (10%),
and Sanger sequencing (20%) [14]. Through the partitioning process, ddPCR brings multiple
advantages over traditional PCR techniques, that include: absolute quantification of DNA copies in
the input samples without the need for external calibration curves used in qPCR; low susceptibility
to PCR inhibitors; increased accuracy, especially when working with low concentrations of samples
or degraded samples, as well as reproducibility and increased sensitivity of the experiments [12].
Applications of this technology may include absolute allele quantification, CNVs analysis, rare
mutations, DNA methylation detection, transcriptomic evaluations (mRNA, miRNA), and genetic
rearrangements in various types of biological samples [12,15-18]. However, the use of ddPCR
requires the identification of specific genetic alterations, which is why it almost always accompanies
whole-genome profiling technologies such as NGS [19,20].

ddPCR is useful both for the analysis of archived tumor tissues, which are degraded and have a
limited concentration of DNA, but also for the analysis of biological fluids [21]. In recent years, liquid
biopsy (LB), based on the analysis of circulating components derived from tumors - circulating tumor
DNA (ctDNA), RNA, extracellular vesicles (EVs), or tumor cells (CTCs) has gained tremendous
attention because of its potential to provide in real-time an accurate description of the genetic
landscape of a tumor [22]. LB has proven to be more informative compared to tissue biopsy, which
is spatially limited and ineloquent for tumor evolution [22]. Thus, only by analyzing the biological
material from patients’ body fluids, researchers and clinicians can obtain valuable information on the
dynamics of the genetic profile of the tumor, which can be integrated and used to guide the
therapeutic management for each patient [20]. Due to its versatility and ability to operate with small
amounts of biological material, ddPCR is an ideal methodology for analyzing LBs (Figure 1) [21].
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Several blood-based biomarkers interrogated by ddPCR have also found diagnostic, predictive, and
monitoring applications in certain malignancies [21]. Novel approaches use some other body fluids
such as cerebrospinal fluid or urine to screen for and validate biomarkers in cancer patients [21].
However, in this article, we aim to briefly present the applications of ddPCR for biomarker research
in CM.
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Figure 1. Applications of ddPCR for biomarker research in oncology. FFPE tissue- formalin-fixed
paraffin-embedded tissue; CTCs- circulating tumor cells; EVs- extracellular vesicles; ctDNA-
circulating tumor DNA; miRNAs- microRNAs; IncRNAs- long non-coding RNAs.

3. Interrogating CM mutational landscape via ddPCR
3.1. Screening for biomarkers in tissue biopsies

Although highly invasive and ineloquent for tumor heterogeneity, tissue biopsy remains the
gold standard for clinical molecular analyzes in cancer. Particularly for CM, tissue biopsy studies
focus on hotspot mutations such as BRAF and KRAS, which are critical for guiding therapeutic
decisions in clinical management. Remarkably, ddPCR showed enhanced sensitivity compared to the
widely used Cobas® 4800 system based on real-time PCR amplification, Sanger sequencing, and
allele-specific PCR (AS-PCR) (35.6% vs. 9.2%, 26.4%, and 26.4%) in the detection of BRAF V600E
mutations in FFPE tissues from 87 CM patients diagnosed in different Breslow stages [23]. In a group
of 8 patients in the clinical cohort, the BRAF V600E mutation was detectable only by ddPCR; notably,
these patients could have benefited from vemurafenib [23]. 5 out of these 8 patients who tested BRAF
V600E positive only through ddPCR later developed sentinel lymph node metastases, highlighting
that ddPCR should be the primary method for detection and monitoring of BRAF V600E mutant
melanomas [23]. In parallel, another study demonstrated the superiority of ddPCR compared to
Sanger sequencing and pyrosequencing in the detection of common BRAF, NRAS, and TERT
promoter mutations in 40 archived melanoma tissues [14]. Overall, ddPCR was much more sensitive,
detecting mutations in 12.5% and 23% of tumors classified as wild-type by pyrosequencing and
Sanger sequencing. The sensitivity of ddPCR was also much higher in tumors with <50% tumor
cellularity, providing a rationale for the use of ddPCR in the detection and monitoring of human
melanomas [14].

Recently, Salgado et al used ddPCR to investigate the molecular mechanisms associated with
TERT reactivation in human melanomas. CpG methylation in the TERT promoter (TERTp) was
associated with TERT mRNA expression [24]. Hence, two hotspot mutations in TERTp termed C228T
and C250T, have been documented to facilitate binding of transcription factor E26 transformation-
specific / ternary complex factor (ETS / TCF), and subsequent TERT induction. To elucidate the
genetic and epigenetic mechanisms regulating TERT gene expression in CM, Salgado et al.
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designated a ddPCR protocol able to assess TERTp methylation fraction (MF), alongside C228T and
C250T TERTp mutations in 44 healthy, benign and malignant tumor samples [24]. They observed that
TERTp methylation is correlated with chromatin accessibility and TERT expression levels in
melanoma cell lines; thus, due to increased TERTp methylation, TERT expression requires an open
chromatin state in TERTp-wild type samples or a combination of moderate MF and chromatin
accessibility in the presence of C228T/C250T hotspot mutations [24]. Given that TERTp
hypermethylation has been proposed as an indicator of a poor patient prognosis in CM and certain
other tumors, quantifying TERT methylation by ddPCR may open new perspectives for the prognosis
and monitoring of CM patients [24].

3.2. Searching for biomarkers in liquid biopsies

In the first instance, ddPCR has proven to be an ideal methodology for the analysis of cell-free
ctDNA in CM patients' plasma. ctDNAs are short DNA fragments (134-144 base pairs) derived from
tumor cells that have undergone necrosis or apoptosis [25]. These fragments are released into the
bloodstream and are actively investigated as surrogate biomarkers for the analysis of genomic and
epigenomic alterations in primary tumors and metastatic lesions [26]. By far, ctDNA mutations (mt)
are of considerable interest for CM research. It has been reported that BRAF mt may be reliable
indicators for response to targeted therapy in CM, being detectable in 70% of patients in the non-
responsive group and only in 10% of patients in the responsive group [27]. In line with these
observations, Tsao et al confirmed that the screening of BRAF and NRAS mt in ctDNA by ddPCR is
an effective method to monitor the response to targeted therapy in stage IV melanoma patients, being
even more informative than LDH, a blood-based biomarker correlated with disease relapse [28]. In
parallel, other studies have shown that lower baseline ctDNA mt detected through ddPCR, including
BRAF V600E and BRAF V600K mt may associate with higher response rates and improved survival
in CM patients treated with BRAFi [29,30]. Furthermore, it has been suggested that the basal levels
of ctDNA, which can also be assessed through ddPCR, may be important predictive biomarkers in
CM patients who underwent immunotherapy; briefly, patients with undetectable ctDNA at baseline
had superior progression-free survival (PEFS) and overall survival (OS) rates than those with
detectable ctDNA [31]. Nonetheless, other research groups revealed that besides the baseline ctDNA
status, the dynamics of ctDNA may provide valuable information on the patient's clinical outcome
following immunotherapy [32].

ddPCR can also be used to assess the methylation status of ctDNA. DNA methylation patterns
are extremely dynamic during tumor progression, so DNA methylation analysis can provide
important information about disease evolution and response to treatment [26]. Although several
methylation-based ctDNA LB assays have been validated for human cancers (liver, lung, and
colorectal cancer), currently for CM there is no specific methylation panel that includes biomarkers
associated with tumor progression or resistance to therapy [33]. However, detection of certain
hypermethylated tumor suppressor genes, such as PTEN, CDKN2A, RASSF1A, and MGMT in
plasma has been reported to have diagnostic value in CM patients [34]. Additionally, it was found
that the methylation level of transposable element LINE-1 may be associated with poor OS in stage
III CM patients [34]. Given this information, it would be interesting to verify these putative blood
biomarkers through ddPCR, in order to obtain more accurate clinical information on the prognosis
and disease evolution in CM patients.

Additionally, ddPCR may also be a promising methodology for evaluating miRNA expression
in CM patients' body fluids [26]. miRNAs are single-stranded RNA molecules (18-22 nucleotides in
length) that can regulate the expression of their target genes by binding the complementary mRNA
sequences at the 3 ‘untranslated region (3" UTR)[26]. Circulating miRNAs, released from tumor cells
into the bloodstream are stable and highly accessible molecules and may be exploited as promising
biomarkers in CM. Certain molecules identified through conventional methods (RT-qPCR) in the sera
of CM patients, such as miR-221, miR-199a-5p, miR-33a, miR-424, and miR-206 have been reported
to play valuable prognosis and diagnosis roles in CM clinical management [35]. At the moment, there
are no published studies evaluating CM-related miRNAs in patients' plasma by ddPCR; there were
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just a few studies with melanoma cell lines [36]. However, ddPCR has been recently applied to assess
miRNA-34b/c methylation status in ¢fDNA in malignant pleural mesothelioma [37]. Therefore,
although a nascent domain, we believe that ddPCR evaluation of CM-associated miRNAs in patients'
blood may open new perspectives in the clinical management of CM tumors.

Furthermore, ddPCR can be extremely useful in the analysis and characterization of CTCs.
Dissociated either from the primary tumor or metastatic compartments into the blood, these cancer
cells may offer valuable information on the tissue of origin, but also on the prognosis and clinical
outcome of patients [26]. The first prospective application of ddPCR in the analysis of melanoma
CTCs consists in the quantification of specific melanoma-associated antigens (MAAs), such as
MAGE-A3, PAX3, and MART-1, which are strong predictive biomarkers [26]. The second prospective
application of this technique focuses on digital quantification of CTC-derived transcripts, which will
help in predicting the response to targeted therapies and immunotherapies in CM [38]. A recent
study, led by Hong et al. highlighted that ddPCR evaluation of 19 melanoma CTC-derived transcripts
facilitates non-invasive monitoring of tumor burden in CM patients, supporting the rational
application of immunotherapy in these subjects [38]. Furthermore, they also reported that a decline
in CTC score at 7 weeks is positively associated with improved OS, whereas a rise in CTC score led
to poor survival in 53% of patients. Given that there is virtually no blood-based biomarker for tumor
burden and the neural crest origin of melanoma cells provides unique RNA transcripts that help in
distinguishing CTCs from normal blood cells, this ddPCR protocol offers new hopes in the fight
against drug resistance in CM patients [38].

Another methodology for validating biomarkers in CM refers to the identification of CM-
associated mutations in EVs through ddPCR. Released from both cancer and stromal cells, EVs are
cup-shaped nanovesicles containing (mi)RNAs, DNAs, and proteins, that have key roles in metastatic
niche preparation [39]. Zocco et al used ddPCR technology to assess the BRAF V600E prognostic
power in EV-derived DNA [40]. Similar to other reports, the authors found that BRAF V600E copy
levels above 50 copies/ml of plasma are suggestive of a poor prognosis and that the dynamics of
BRAF V600E copy numbers may be relevant for monitoring the response to BRAF inhibitors (BRAFi)
in CM patients [40]. Briefly, BRAF V600E copy levels have been found to become almost undetectable
after exposure to BRAFi, but grow rapidly once the tumors become refractory to therapy and the
disease progresses [40]. Additionally, Clark et al developed a ddPCR protocol for the detection of
BRAF splicing variants p61, p55, p48, and p41, in cell-free RNA (cfRNA) derived from CM patients
plasma [41]. Notably, 24 of 38 patients enrolled in the study and treated with BRAF / MEK inhibitor
showed an increase in ctDNA levels as a sign of disease progression after treatment initiation. BRAF
splicing variants were detected in 3 of these 38 patients: 2 patients harbored the BRAF p61 variant,
while one presented the p55 variant. Remarkably, RNA isolation and analysis of EVs from CM
resistant cell lines and patient plasma showed that BRAF splicing variants are specific to EVs,
suggesting that besides ctDNA, RNA encapsulated in EVs may provide specific information about
the tumor [41]. In parallel, another study reported that certain patients may present mutations in EVs
that were previously undetectable in tissue, suggesting that screening of EVs-derived nucleic acids
by ddPCR may provide clues on the occurrence of BRAF / MEK inhibitor therapy resistance before
radiological evaluation of the tumor [39].

4. Conclusions

The clinical management of CM has evolved in recent years towards a more personalized
approach that requires an accurate assessment of the molecular alterations associated with tumor
growth and evolution, as well as resistance to therapy [41]. Suitable for both archived and LB samples,
ddPCR can be used for numerous omics evaluations, including absolute allele quantification, CNVs
analysis, rare mutations, DNA methylation detection, transcriptomic evaluations (mnRNA, miRNA),
and genomic rearrangements, being of great interest to CM research [21]. Given that multi-omics
integration is essential for improving the performance of prognostic and predictive models in CM,
the validation of novel multi-omics biomarkers through ddPCR can play an important role in this
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direction [6]. As ddPCR offers outstanding opportunities for CM biomarker research, it is expected
that this technology to open new avenues for precision medicine in this difficult to treat skin tumor.
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