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Abstract
Overdiagnosis of early melanoma is a significant problem. Due to subtle unique and 
overlapping clinical and histological criteria between pigmented lesions and the risk 
of mortality from melanoma, some benign pigmented lesions are diagnosed as mela-
noma. Although histopathology is the gold standard to diagnose melanoma, there is 
a demand to find alternatives that are more accurate and cost-effective. In the cur-
rent “omics” era, there is gaining interest in biomarkers to help diagnose melanoma 
early and to further understand the mechanisms driving tumor progression. Genomic 
investigations have attempted to differentiate malignant melanoma from benign pig-
mented lesions. However, genetic biomarkers of early melanoma diagnosis have not 
yet proven their value in the clinical setting. Protein biomarkers may be more promis-
ing since they directly influence tissue phenotype, a result of by-products of genomic 
mutations, posttranslational modifications and environmental factors. Uncovering 
relevant protein biomarkers could increase confidence in their use as diagnostic signa-
tures. Currently, proteomic investigations of melanoma progression from pigmented 
lesions are limited. Studies have previously characterised the melanoma proteome 
from cultured cell lines and clinical samples such as serum and tissue. This has been 
useful in understanding how melanoma progresses into metastasis and development 
of resistance to adjuvant therapies. Currently, most studies focus on metastatic mela-
noma to find potential drug therapy targets, prognostic factors and markers of resist-
ance. This paper reviews recent advancements in the genomics and proteomic fields 
and reports potential avenues, which could help identify and differentiate melanoma 
from benign pigmented lesions and prevent the progression of melanoma.
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1  |  INTRODUC TION

Melanoma is a lethal form of skin cancer worldwide but especially in 
Australia. As of 2021, the Australian Institute of Health and Welfare 
estimated over 16 000 new cases of melanoma in the population, 
with an estimate of 55.3 per 100 000 persons at an age-standardised 
incidence rate.1 Further, an estimated mortality rate for melanoma is 
reported at 1315 deaths or 4.0 per 100 000 at the age-standardised 
rate.1 The current paradigm for the management of possible mela-
nomas is the excision and histopathology analysis of the detected 
lesion. However, if a melanoma is missed, survivability declines with 
increasing tumor size. In a 20-year follow-up study, Baad and col-
leagues (2020) reported 0.4% of patients with tumors <1 mm thick 
compared to 45% of patients with tumors >6 mm thick succumbed 
to the disease.2 Additionally, therapies for metastatic melanoma had 
incredible success recently, but still 50% of patients were lost to 
the disease in 3 years, despite costly drug treatment.3 In this regard, 
early diagnosis and excision remains the primary standard of care. 
However, this emphasis has led to an increase in both unnecessary 
excisions and melanoma in situ diagnoses, without a reduction in in-
vasive malignant melanoma cases.4 Improvements in early diagnosis 
are needed to make the detection of early melanoma cases more 
efficient.

2  |  CLINIC AL AND HISTOPATHOLOGY 
FE ATURES C ANNOT ACCUR ATELY 
DISTINGUISH BET WEEN PIGMENTED 
LESIONS

Melanoma diagnosis first requires clinical inspection (ABCDE cri-
teria, the Menzies method and Ugly Duckling) of the lesion.5,6 The 
ability to distinguish lesions can take many years of training and ex-
perience and even then, with overlapping features and lack of clear 
discriminative features, results in approximately one melanoma diag-
nosed for every 2–200 surgeries.7 To confirm the clinical diagnosis, 
pathologists study the histopathological sample and evaluate char-
acteristics such as number, distribution and shape of melanocytes/
melanoma cells, presence of invasion in the dermis, and tissue reac-
tion. If the lesion is classified as melanoma, criteria such as Breslow 
thickness, ulceration, regression, irritation, mitotic rate, presence of 
immunocytes and more features are used to determine the severity 
of the diagnosis.8 Here, information missed, omitted or incorrectly 
observed can detrimentally affect the patient due to overcalling or 
undercalling the diagnosis of melanoma.9 Precise preparation of bi-
opsy specimens as well as sufficient clinical information is critical 
for histopathological assessment.9 However, despite attempts to 
improve diagnosis, accurate assessment of pigmented lesions and 
melanoma remains difficult.10

Strategies to remove every lesion with malignant potential are 
extreme and ineffective, since only a minority (30%) of melano-
mas develop from a pre-existing naevus, the majority developing 
de novo.11 Surgical interventions also come with an inherent risk 

of infections, scarring, and depending on the size and anatomical 
location may require extensive cosmetic reconstruction proce-
dures.12,13 Liu and colleagues (2018) recently reported an increased 
risk of surgical site infections of the ear and large defects or wounds 
in an analysis of 1977 procedures in 1407 patients.13 Importantly, 
mental health and quality of life decline, a study conducted in 1939 
patients where 36% reported body image as a contributing factor 
to depression (average score was 30% higher than those who did 
not report appearance as a problem) and anxiety (average score was 
25% higher than those who did not report appearance as a problem) 
in surgical treatment of melanoma.12

Although benign lesions are most accurately diagnosed (92% 
concordance between pathologists),10 accuracy decreases with 
minimally invasive melanoma diagnosis (72% concordance) and it 
is worse with intermediate lesions such as melanoma in situ (40%) 
and dysplastic naevi (25%).10 Specifically, intermediate lesions 
are the most common cause for controversy and are where most 
disparity occurs due to shared histological characteristics of both 
benign naevi and malignant melanoma; therefore, they can be 
missed and potentially progress to melanoma.11 This histological 
difficulty may contribute to the current rise in melanoma in situ 
diagnosis.4

The exact mechanism that drives the progression of a benign 
lesion towards malignancy is not completely understood. Thus, to 
know exactly which lesion will become malignant is still a mystery.14 
A multilevel comprehensive analysis of melanoma and its associ-
ated pigmented lesions would help to understand melanoma and its 
mechanisms of progression and would contribute to improved diag-
nosis of melanoma (Figure 1).

3  |  GENOMIC S A S A FOUNDATION 
FOR IN- DEPTH INVESTIGATION INTO 
MEL ANOMA AND ITS PRECURSORS

Many studies investigating the genome of melanoma and its associ-
ated lesions have helped to uncover genomic aberrations, mutational 
processes and heterogeneity in the development of this disease.14 
Moreover, these studies have provided insight into the progression 
of melanoma, its response to therapy and treatment, as well as its 
prognosis.18

Genomic techniques such as comparative genomic hybridi-
sation (CGH), fluorescent in situ hybridisation (FISH) and next-
generation sequencing (NGS) have uncovered mutations from 
benign naevi to metastatic melanoma. Table  1 summarises the 
most recent genomic research in melanoma. Primarily, genomic 
studies have found that a percentage of melanomas (~50%) carry 
BRAFV600E, which affect the mitogen-activated protein kinase 
(MAPK) signalling pathway resulting in uncontrolled prolifera-
tion of cells.18,19 As a result, BRAF inhibitors were developed, 
for example, vemurafenib, to treat metastatic melanoma.20 
Though treatment has shown a successful response in more than 
50% of patients, some patients eventually develop resistance.20 

 16000625, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/exd.14705 by A

ustralian N
ational U

niversity, W
iley O

nline L
ibrary on [16/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



106  |    TEH et al.

Resistance to therapeutic treatments drives the need for further 
study into the mechanisms of resistance and alternative therapies. 
As such, a study using whole-genome sequencing of 183 mela-
noma tumor and cell lines comparing cutaneous, acral and mucosal 
subtypes demonstrated significant differences between cutane-
ous melanoma and the other subtypes (acral and mucosal mela-
noma).21 Acral and mucosal melanomas were lower in mutation 
burden but contained large-scale structural variants compared 
with cutaneous subtypes. Also, UVR was not the overall driving 
mutation mechanism in mucosal and acral subtypes whereas most 
cutaneous melanoma had UVR signature representation. The 
study revealed the use of markers of mutagenesis and structural 
changes towards uncovering the heterogeneous mechanisms of 
the mutations.21 The existence of varying subtypes is a factor for 
the difficulties faced with diagnosis, differing treatment responses 
and prognosis. Finally, a multidiscipline study involving genomic 
and transcriptomic techniques demonstrated a consecutive order 
of mutations (signalling pathways involved in MAPK, telomerase, 
cell cycle, chromatin, p53 and PI3K) that occur in the progression 
to malignant melanoma suggesting an evolution from premalig-
nant lesions as well as possible biomarkers.14

Nevertheless, current genomic investigations have not vali-
dated a reliable marker let alone signature for clinical use to clas-
sify early melanomas from benign lesions.18 Deacon, Smith and 
Judson-Torres (2021) recently reviewed prospective diagnostic 
markers and signatures (eg PRAME, LINC00518, PMEL, RASSF1A, 
cfDNA, myPATH gene expression panel, copy number variation 
assay, among others) where they highlight the infancy of the cur-
rently assessed markers and the need for further validation before 
adoption in the clinical setting.18 On the contrary, in advanced 
melanoma, there are signatures (eg CAM-121 of 121 differentially 
expressed genes) that predict the risk of metastasis and progres-
sion with very high confidence,37 and NGS panels for circulating 
tumor DNA (ctDNA) that may stratify patients who will and will 
not respond to therapy (eg Clinical trial phase II BREAK-2 for 
BRAF inhibitor dabrafenib targets BRAF-V600E where high levels 
correlated with low response rate).38 Liquid biopsies, which detect 
biomarkers such as ctDNA in bodily fluids such as blood, might 
also have the potential as an early diagnostic tool with advantages 
in cases where surgical biopsy is not desired (uveal melanoma of 
the eye).38,39 However, liquid biopsy as an early diagnostic tool is 
in its infancy and requires validation and reproducibility studies 

F I G U R E  1  Overview of multilevel approach towards improving melanoma diagnosis. Images obtained from Sydney Melanoma Diagnostic 
Centre, Royal Prince Alfred Hospital, NSW, Australia, of histopathology confirmed lesions that were suspect of melanoma due to malignant 
features revealed by dermoscopy or total body photography. Current examples of the tools utilised to diagnose melanoma include clinical 
history and assessment (personal and family history of melanoma, Fitzpatrick skin type, childhood sunburns, multiple naevi, dysplastic naevi 
syndrome, identification of suspicious lesions, for example, ABCDE/Menzies method/Ugly duckling); imaging, for example, dermoscopy; 
immunohistochemical markers for melanoma diagnosis; genomics, for example, BRAF, NRAS, NF1, TERT, CDKN2A15; proteomics, for 
example, Annexin, Vimentin, H4 are some of the proteins so far commonly found.16,17
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to demonstrate robustness of selected biomarkers. Genomic re-
search has contributed to a significant breadth of information; 
however, complementing these studies in the other “OMIC” fields 
would further enrich our understanding of melanoma.40

4  |  PROTEOMIC S AND ITS POTENTIAL TO 
UNCOVER DIFFERENTIATING BIOMARKERS 
AND GIVE INSIGHT INTO PHENOT YPE

Proteomics is the large-scale study of proteins. The genome and all 
its alterations and modifications are reflected in the proteome and 
thus executors of a cell's phenotype.41 Therefore, it can be argued 
that proteomics is more relevant in studying tumor phenotype.41 
Presently, there are limited proteomic studies focussing on pig-
mented lesions and studies using proteomic techniques for melano-
cytic cancer research are in its infancy.

Traditionally, small-scale techniques such as immunohistochem-
istry (IHC) and western blot (WB) were routinely used to identify 
and quantify proteins of interest in a tissue sample. However, they 
are restricted to prior knowledge of proteins of interest as well as 
available and reliable antibodies to detect them.42 Some IHC protein 
biomarkers for melanoma diagnosis include S100 family (markers 
of advanced melanoma), Ki-67 which is a marker for proliferation 
and linked to prognosis, as well as preferential expressed antigen 
in melanoma (PRAME), HMB45, SOX10 among others reviewed by 
Hessler and colleagues 2020.15 Techniques like IHC are limited to a 
few individual proteins, but these are easily accessible and relatively 
inexpensive. However, there are currently no widely used IHC bio-
markers for the early detection of melanoma in the clinical setting. 
Further, heterogeneity of melanomas and benign pigmented lesions 
suggests that the absence or presence of one biomarker may not 
be sufficient to identify malignancy.43 For example, HMB-45 has a 
broad sensitivity range between 66% and 97% and this sensitivity 
declines in metastatic lesions compared with primary. Another ex-
ample is melan-A, which cannot discriminate between melanoma in 
situ and keratoses. Additionally, the high rate of mutations in mel-
anoma suggests that it could take a multitude of proteins to drive 
progression into malignancy.14

As such, biomarker signatures would include more than one pro-
tein to represent the heterogeneity. High-throughput techniques 
such as protein microarrays provide a deeper investigation with the 
ability to analyse hundreds of proteins at once as well as provide 
information about differential expression within a sample.44 Zaenker 
and colleagues (2018) developed a 10 autoantibody signature that 
could potentially detect primary melanomas early.45 Alternatively, 
mass spectrometry is a method, which investigates proteins in all its 
complexity and provides in-depth protein coverage.

Revolutionary technologies such as mass spectrometry have im-
proved the capacity to investigate proteins on a large scale.46 Mass 
spectrometry is an analytical approach that measures proteins pro-
teolytically digested and extracted.46 To explain simply, a sample is 
run through several components of the machine each with an overall 

purpose in detecting protein relative abundance: an ion source, a 
mass analyser and a detector. The acquired data are bioinformati-
cally analysed to identify and quantify proteins.46 There are several 
workflows that could be utilised. The three main methods include 
data-dependent acquisition (DDA/IDA), targeted multiple or selec-
tive reaction monitoring (MRM/SRM) and data-independent acqui-
sition (DIA).

At present, there are a limited number of studies that use pro-
teomic techniques in the study of early melanoma (Table 2). In 2014, 
Qendro and team (2014) conducted the first large-scale study in 
both early and malignant stages of melanoma.16 The study com-
pared benign with metastatic tissue cell lines and identified over 
4500 proteins. A total of six (vimentin, nestin, fibronectin, annexin 
A1, dipeptidyl peptidase IV and histone H2A1B) potential candidate 
biomarkers were selected for further investigation for prognosis and 
treatment therapies. The next year, Guan (2015) used a combined 
two-dimensional gel electrophoresis gel (2-DE) and mass spectrom-
etry to identify potential differences between cutaneous melanoma 
and metastatic melanoma as well as biomarkers to predict malig-
nancy.47 As a result, they reported 2 markers, MDA-9 co-expressed 
with GRP78, as correlating with malignancy. Studies such as these 
give the groundwork for further developing our understanding of 
melanoma progression, the pathways and biological processes po-
tentially affected at each stage as well as subtype, and biomarkers 
for clinical use.

The studies summarised in Table 2 from 2003 until 2021 focus on 
finding differential proteins or markers that suggest melanoma pro-
gression and their pathways. A comprehensive review by Sengupta 
and colleagues (2016)48 reported on 25 proteomic studies contrib-
uting to melanoma research from 2011 to 2016. Most studies have 
focussed on metastatic melanoma (Table 2), for example, Shapanis 
(2020)49; while only four studies include benign naevi,50,51 dysplastic 
naevi52 and melanoma in situ.53 Moreover, the use of formalin-fixed 
paraffin-embedded (FFPE) samples as a reliable source of material for 
proteomic investigations had only been recently demonstrated.54–58 
For instance, Shields and team (2016) gave a perspective on the ad-
vantages and limitations proteomics combined with sample types 
such as FFPE have in melanoma research.59 Previously, hesitancy in 
FFPE usage was attributed to issues with fixation and cross-linking of 
proteins limiting comprehensive analysis.58 However, improvements 
in sample preparation combined with the availability of FFPE tissue 
samples create a valuable resource avenue for research. Finally, 
studies have mostly made use of DDA and targeted proteomics, with 
the use of DIA in only one study so far.40 Gao and colleagues (2021) 
identified over 8000 proteins in primary and metastatic melanoma 
cell lines and revealed the sensitivity and reproducibility of DIA liq-
uid chromatography–tandem mass spectrometry (LC–MS/MS) appli-
cations in the investigation of melanoma proteomes.40 Interestingly, 
DIA methodology provides the capacity to acquire data on a large 
number of proteins similar to DDA while maintaining the sensitivity 
of targeted mass spectrometry.46 Importantly, the bias from detect-
ing largely abundant proteins is reduced.46 These features are further 
enhanced by the use of specialised in-house spectral ion libraries.60 
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Altogether, the advantages of DIA allow for the discovery of poten-
tially novel proteins and important mechanistic pathways involved in 
disease phenotypes. For instance, Betancourt and colleagues (2021) 
identified 33 novel proteins from metastatic melanoma patients.61 
Additionally, the reproducibility gained with DIA could prove ben-
eficial in the development of highly confident biomarker signatures, 
thus improving current classification systems for the diagnosis of 
disease.46 Hence, there is an opportunity to apply DIA methodol-
ogy to investigate melanoma progression in pigmented lesions and 
identify potential biomarker signatures that could facilitate improve-
ments in early melanoma diagnosis.

5  |  NON-INVA SIVE DIAGNOSTIC 
TECHNIQUES

Currently, only imaging is utilised in the clinical setting as a non-
invasive diagnostic technique aimed to improve diagnosis and reduce 
the number needed to biopsy. These techniques include dermos-
copy, digital dermoscopy, totally body photography (TBP) and in vivo 
reflectance confocal microscopy. Additionally, computer-assisted 
devices (CAD) or clinical diagnosis support are an additional autono-
mous diagnosis system that can be used alongside dermoscopy and 
other imaging devices to help classify and detect early melanoma.74 
CAD uses machine learning or a set of patterns to process data.75 
These technologies aim to limit subjectivity in diagnosis and yet 
their use is not standardised, they still rely on clear guidelines and 
training for appropriate use. Young and colleagues (2021) recently 
reviewed the use of these non-invasive technologies and their cur-
rent potential in the clinical setting76; overall, there was an improve-
ment in sensitivity from 76% to 92% (fixed specificity of 80%) with 
the use of dermoscopy.77 However, systems like TBP and sequential 
digital dermoscopy would benefit from targeted usage as excisions 
have increased potentially conflicting with normal physiological de-
velopment of naevi in younger persons.78 Similarly, machine learning 
is gaining popularity but on the contrary CAD system has not been 
readily adopted due to insufficient data. Thus, current limitations 
need to be addressed, and further validation of many of these tech-
niques is still warranted.

Another potential non-invasive alternative utilises the external 
layer of the epidermis, the stratum corneum. Using an adhesive 
patch, it is possible to collect cells from the stratum corneum for bi-
ological analysis. A study conducted on over 500 pigmented lesions 
using a combination of adhesive tape and a two-gene (preferentially 
expressed antigen in melanoma or PRAME and LINC00518 or LINC) 
classifier was able to diagnose lesions as melanoma or benign.79 
However, there are concerns that melanomas could be missed (1 in 
11).80 In response, Siegel and Hornberger (2019) acknowledge the 
difficulties of early melanoma diagnosis, especially pertaining to 
the intermediate lesions; however, using negative predicted value 
(NPV) which is the likelihood of negative test result being true, the 
Pigmented Lesion Assay (PLA) method performed better at 99% 
than traditional histopathology (83%) in reported studies.79,81 PLA 

combined two-gene classifier use is readily commercialised, but up-
take in the clinical setting has been slow.18 However, this technology 
has significant potential in reducing cost, number need to biopsy and 
increasing access to those that cannot afford numerous procedures 
and imaging technologies. With all this in mind, the use of an adhe-
sive tape or tape-stripping has been demonstrated to be suitable for 
proteomic profiling of keratinocytic carcinomas.82 It would be inter-
esting to see whether the use of adhesive tape-stripping combined 
with proteomic technologies could be applied similarly in melanoma 
and benign pigmented lesions. This non-invasive method would 
allow for genomic and proteomic investigations into pigmented le-
sions without disturbing histological specimens as well as potentially 
provide increased accuracy in determining malignant lesions if this 
were to be developed as a diagnostic technique.

6  |  CONCLUSIONS

Clinical and histopathological inspection of melanoma is the most 
utilised method of diagnosis for melanoma. However, due to the 
heterogeneous nature of melanoma and its precursors, there are 
many challenges. The use of genomics has uncovered some molecu-
lar pathways and mechanisms involved in melanoma progression. 
Alternatively, proteomics could provide relevant and novel pro-
teins involved in melanoma progression pathways and help in fur-
ther classifying these lesions to facilitate the appropriate diagnosis 
and stratification. The innovation of new non-invasive technologies 
could help improve current sensitivity and specificity of melanoma 
diagnosis and reduce the burden of excessive surgery in patients 
with naevi and other pigmented lesions. Genomics and proteomics 
on tape-stripping alone or combined with imaging would be a prom-
ising avenue in the diagnosis of melanoma.
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