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Summary

Histopathological evaluation of melanocytic tumours usually allows reliable distinction of benign 

melanocytic naevi from melanoma. More difficult is the histopathological classification of Spitz 

tumours, a heterogeneous group of tumours composed of large epithelioid or spindle-shaped 

melanocytes. Spitz tumours are biologically distinct from conventional melanocytic naevi and 

melanoma, as exemplified by their distinct patterns of genetic aberrations. Whereas conventional 

naevi and melanoma often harbour BRAF mutations, NRAS mutations, or inactivation of NF1, 

Spitz tumours show HRAS mutations, inactivation of BAP1 (often combined with BRAF 
mutations), or genomic rearrangements involving the kinases ALK, ROS1, NTRK1, BRAF, RET, 
and MET. In Spitz naevi, which lack significant histological atypia, all of these mitogenic driver 

aberrations trigger rapid cell proliferation, but after an initial growth phase, various tumour 

suppressive mechanisms stably block further growth. In some tumours, additional genomic 

aberrations may abrogate various tumour suppressive mechanisms, such as cell-cycle arrest, 

telomere shortening, or DNA damage response. The melanocytes then start to grow in a less 

organised fashion, may spread to regional lymph nodes, and are termed atypical Spitz tumours. 

Upon acquisition of even more aberrations, which often activate additional oncogenic pathways or 

reduce and alter cell differentiation, the neoplastic cells become entirely malignant and may 
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colonise and take over distant organs (spitzoid melanoma). The sequential acquisition of genomic 

aberrations suggests that Spitz tumours represent a continuous biological spectrum, rather than a 

dichotomy of benign versus malignant, and that tumours with ambiguous histological features 

(atypical Spitz tumours) might be best classified as low-grade melanocytic tumours. The number 

of genetic aberrations usually correlates with the degree of histological atypia and explains why 

existing ancillary genetic techniques, such as array comparative genomic hybridisation (CGH) or 

fluorescence in situ hybridisation (FISH), are capable of accurately classifying histologically 

benign and malignant Spitz tumours, but are not very helpful in the diagnosis of ambiguous 

melanocytic lesions. Nevertheless, we expect that progress in our understanding of tumour 

genomics and progression will refine the classification of melanocytic tumours in the near future. 

By integrating clinical, pathological, and genetic criteria, distinct tumour subsets will be defined 

within the heterogeneous group of Spitz tumours, which will eventually lead to improvements in 

diagnosis, prognosis and therapy.
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INTRODUCTION

Melanocytic neoplasms include several tumour types that are characterised by distinct 

clinical features, histopathological appearances, genetic aberrations, and clinical behaviour.1 

In most melanocytic tumours, accurate pathological distinction between benign (melanocytic 

naevus) and malignant (melanoma) is possible based on histological criteria. However, there 

are diagnostically challenging melanocytic neoplasms with conflicting morphological 

criteria, in which it is difficult to predict clinical behaviour with certainty. This difficulty 

leads to under-diagnosis as naevus, to over-diagnosis as melanoma, or to a diagnosis of 

‘melanocytic tumour of uncertain malignant potential’ or ‘borderline melanocytic tumour’.

Spitzoid melanocytic neoplasms (hereafter designated ‘Spitz tumours’) represent an 

uncommon group of melanocytic skin lesions that constitute diagnostic problems for 

dermatopathologists on a regular basis.2 These tumours were first described by Sophie Spitz 

as ‘melanomas of childhood’, because they occurred predominantly in children and 

adolescents.3 The lesions were composed of large epithelioid and/or spindled-shaped 

melanocytes that contained large nuclei with vesicular chromatin and prominent nucleoli. 

After it became clear that these tumours may also arise later in life and behave in a benign 

fashion, they were re-named ‘Spitz naevi’ to indicate their benign nature. Melanocytic 

tumours with spitzoid features and marked histological atypia that show often an aggressive 

clinical course similar to conventional melanomas were termed ‘spitzoid melanomas’.

The term ‘atypical Spitz tumours’ (ASTs) refers to melanocytic tumours that exhibit 

morphological characteristics of Spitz naevi, as well as some features associated with 

malignancy, but to an insufficient degree as to classify them as ‘spitzoid melanomas’. ASTs 

have the ability to disseminate, but their spread is often limited to regional lymph nodes and 
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has little impact on patient survival.4–6 Therefore, the histological features of ASTs mirror 

their clinical behaviour, which is intermediate between benign (no metastasis) and malignant 

(aggressive clinical behaviour with widespread metastasis) melanocytic tumours, and argues 

that these lesions might be best classified as low-grade melanocytic tumours.

Pathological classification of Spitz tumours as ‘Spitz naevus’, ‘AST’ or ‘spitzoid melanoma’ 

and predicting their clinical behaviour can be challenging, even for experts.2,7,8 This 

diagnostic uncertainty has stimulated numerous efforts to characterise the underlying genetic 

and epigenetic aberrations of Spitz tumours with the goal of finding new biomarkers and 

better explaining their biology. In this review, we summarise the current knowledge of the 

genetic landscape of Spitz tumours and describe how genetic aberrations influence their 

morphological appearance and their clinical behaviour. We also discuss the usefulness and 

the limitations of ancillary genetic methods in the diagnostic work-up of Spitz tumours.

INTEGRATED CLASSIFICATION OF MELANOCYTIC TUMOURS

The main goals of tumour classification systems are: (1) to distinguish tumours that are 

malignant and behave aggressively from those that are benign and pose no threat to patients; 

and (2) to establish relatively distinct disease entities or subsets that can be used for 

personalised therapeutic decisions. Since the development of drug therapies targeting 

mitogenic driver aberrations (such as BRAF mutations) has improved the treatment of 

patients with metastatic melanoma,9 the classification of melanocytic tumours has recently 

been integrated with genomic data. Thus, melanocytic tumours are currently classified 

according to their clinical and histological appearance, their biological behaviour, and their 

mitogenic driver aberrations.10

Several genetic aberrations are associated with specific clinical and histopathological 

subtypes of melanocytic tumours. For example, blue naevi and Spitz tumours show 

distinctive clinical and histological appearances, and have very different spectra of genetic 

aberrations to common acquired naevi and cutaneous melanoma.1,11 While morphological 

evaluation often provides clues about the probability of genetic aberrations in a given 

tumour, genomic or immunohistochemical methods are necessary for confirmation. No 

histological feature is entirely specific, because other factors, such as additional genetic 

aberrations or the tumour microenvironment can mask or distort the morphological features 

associated with specific genetic aberrations.

Common melanocytic naevi arise predominantly in the first three decades of life and 

normally appear as uniformly brown-pigmented maculae with a diameter of less than 6 mm 

on sun-exposed areas of the skin. The vast majority (>80%) show activating hotspot 

mutations leading to an amino acid exchange at codon 600 of BRAF (BRAFV600E/K).12 

Congenital naevi arise in utero or post-natally, tend to be significantly larger than common 

acquired naevi, and harbour activating NRAS hotspot mutations (~75%), most commonly 

affecting codon 61 (Fig. 1A).13

Blue naevi and related skin neoplasms are heterogeneous melanocytic proliferations that 

vary in size from a few millimetres in acquired lesions to several centimetres in congenital 

lesions (e.g., Mongolian spot). Most tumours are histologically characterised by dendritic, 
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spindled, or epithelioid melanocytes without significant epidermal involvement. Most 

tumours show activating mutations of GNAQ or GNA11, commonly affecting codon 209 

(Fig. 1B).14–16

The Cancer Genome Atlas proposed that cutaneous melanoma be classified into four 

subgroups.10 The largest subgroup (~50%) of melanoma is characterised by BRAFV600E 

mutations (BRAF subtype).10 BRAF mutations are most frequent in melanoma arising on 

intermittently sun-exposed skin.17 Activating mutations in RAS genes account for 

approximately 25% of melanoma (RAS subtype), and subsume cases with NRAS mutations 

(~24%), as well as HRAS and KRAS hot-spot mutations (<1%).10 The NF1 subtype shows 

inactivation of NF1, which encodes a negative regulator of RAS.10 NF1 aberrations are 

found in approximately 10% of melanoma and more than half of the aberrations lead to 

complete loss-of-function due to nonsense, frame-shift, or splice-site mutations.18 NF1 
mutations are associated with co-mutations affecting genes that mildly activate the 

MAPK/ERK pathway and occur more frequently in desmoplastic melanoma and in 

melanoma of chronically sun-exposed skin.19,20 Melanomas lacking BRAF, N/H/KRAS, or 

NF1 mutations comprise the heterogeneous group of ‘triple wild-type subtype’, which 

includes tumours with KIT mutations (more frequently found in acral and mucosal 

melanoma21), GNAQ/GNA11 mutations (well established drivers in uveal melanoma14,15), 

or genomic rearrangements involving BRAF or RAF1 (Fig. 1B).

GENETIC ABERRATIONS IN SPITZ TUMOURS

Spitz tumours are a heterogeneous group of melanocytic neoplasms that commonly arise 

under the age of 20, but may occur also in older individuals. Spitz tumours may be solitary 

or have an agminated or eruptive disseminated distribution,22 have an average diameter of 

~10mm, and are usually well-circumscribed, dome-shaped papules with a homogenous 

colour ranging from reddish to dark brown. Spitz tumours show genomic aberrations that are 

rarely observed in the tumours described above, or in other melanocytic neoplasms (Fig. 

1D). BAP1 inactivation occurs in ~5% of Spitz tumours and is associated with an epithelioid 

phenotype. Spitz tumours with BAP1 loss are associated with a hereditary tumour 

predisposition syndrome.23 HRAS mutations occur in ~15% of Spitz tumours and are often 

associated with desmoplastic histological phenotype.24 Genomic rearrangements 

(translocations, kinase fusions) of various receptor tyrosine kinases, including ALK, ROS1, 

NTRK1, RET, and MET, or the serine-threonine kinase BRAF are observed in up to 50% of 

Spitz tumours.25,26

BAP1 loss

BAP1 germline mutations—Germline mutations of the BAP1 gene were first described 

in two unrelated families in which several members developed multiple cutaneous 

epithelioid melanocytic tumours in an autosomal dominant pattern, and less commonly, 

cutaneous and uveal melanomas.23 The epithelioid melanocytic tumours are located 

predominantly on the sun-exposed skin and the number of lesions per affected individual 

ranges from a few to more than 50 (Fig. 2A). The characteristic skin lesions are skin-

coloured to reddish-brown, 5–10 mm large, dome-shaped to pedunculated papules (Fig. 

2B,C).23,27
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Histologically, the tumours are predominantly intradermal, with occasional involvement of 

the junctional epidermis. They are composed of cells with varying degrees of atypia ranging 

from naevus-like melanocytes with minimal atypia (Fig. 2D–F) to very large, epithelioid 

cells with large amounts of amphophilic cytoplasm and well-defined cytoplasmic borders, 

and pleomorphic vesicular nuclei with prominent nucleoli (Fig. 2G–I). Some tumours 

display marked atypical features (nuclear pleomorphism, high cellularity, increased mitotic 

activity), and cannot be confidently classified as benign or malignant on histological 

grounds. These findings suggest a histological spectrum ranging from clearly benign (Fig. 

2D–F) to potentially malignant tumours (Fig. 2G–I).23 The cytological characteristics 

resemble those seen in epithelioid cells in Spitz tumours, but lack histological features of 

Spitz naevi, such as epidermal hyperplasia, hypergranulosis, clefting around junctional nests 

and Kamino bodies. Some tumours consist of an admixture of small naevus cells, which are 

seen in common acquired naevi, and larger epithelioid cells, and are thus classified as 

combined melanocytic tumours.28

The vast majority of familial epithelioid Spitz tumours show bi-allelic loss of BAP1. One 

BAP1 allele is inactivated through the BAP1 germline mutation and the other allele is 

somatically inactivated either by chromosomal deletion involving the wild-type BAP1 locus 

at 3p21, uniparental disomy of chromosome 3 with the mutated BAP1 gene, or an additional 

inactivating mutation in the wild-type BAP1. The biallelic BAP1 gene inactivation correlates 

with loss of nuclear BAP1 immunohistochemical expression (Fig. 2F,I). In addition to BAP1 
loss, the epithelioid cells harbour BRAFV600E mutations in the vast majority of cases.23

These clinically and histologically distinctive melanocytic skin lesions are useful markers 

for a hereditary tumour syndrome (tumour predisposition syndrome; OMIM #614327), 

which predisposes to uveal and cutaneous melanoma,23,29 mesothelioma,27,30 renal cell 

cancer,31 and possibly also to other cancer types32 such as cholangiocarcinoma33 or basal 

cell carcinoma.34–36 The association of multiple epithelioid melanocytic skin lesions with 

BAP1 loss in a patient with a BAP1 germline mutation is comparable to the multiple 

sebaceous tumours associated with Muir–Torre syndrome, or to the multiple 

hyperpigmented macules on the lips and oral mucosa seen in Peutz–Jeghers syndrome. 

Consequently, patients with melanocytic tumours with a prominent epithelioid cell 

component as described above should be screened for BAP1 and BRAF status by 

immunohistochemistry or genotyping.37 If multiple tumours in one patient show loss of 

BAP1 expression, genetic counselling and testing for germline BAP1 mutations should be 

considered. Patients with BAP1 germline mutations should be screened for cancers on a 

regular basis.27,38

Sporadic tumours with BAP1 loss—A subset of sporadic epithelioid melanocytic 

tumours also shows loss of BAP1, along with BRAF mutations.39 The sporadic BAP1 
negative tumours have the same histological appearance as those seen in patients with 

germline BAP1 mutations. The neoplastic melanocytes show loss of nuclear BAP1 
expression by immunohistochemistry, which is a good surrogate for biallelic BAP1 
inactivation. In combined melanocytic tumours, all melanocytes harbour BRAFV600E 

mutations, but only the epithelioid cells show a loss of BAP1 expression, demonstrating that 

these tumours represent a progression from common acquired naevi.23,40
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Tumours in the setting of germline BAP1 mutations do not differ pathologically from those 

with somatic BAP1 mutations.41 However, the morphological features of BAP1 negative and 

BAP1 positive tumours overlap and without the aid of immunohistochemistry or ancillary 

genetic investigations, it is not possible to predict the underlying genetic basis. In addition, a 

recent study reported that BAP1 deficiency can also be detected in melanocytic tumours that 

have histological characteristics different from the majority of BAP1 inactivated epithelioid 

tumours.41,42

The nomenclature of this genetically distinct subset of melanocytic tumours remains in flux. 

One group designated them as ‘melanocytic BAP1-mutated atypical intradermal tumours’ 

(MBAITs).43 However, this term is inaccurate because the tumours are not exclusively 

intradermal and may exhibit junctional involvement,39,41 and it also suggests that these 

tumours are pathologically distinguishable from other spitzoid tumours, which is often not 

possible without BAP1 immunohistochemistry. Another group suggested the term ‘naevoid 

melanoma-like melanocytic proliferations’ (NEMMPs),44 which equates these tumours with 

naevoid melanomas and implies a high level of biological aggression. However, in our 

experience these lesions progress infrequently to melanoma27 and very rarely metastasise. 

The term ‘BAPoma’45 is also problematic because it implies that these lesions have 

activating BAP1 mutations, similar to lesions harbouring BRAF mutations (BRAFoma) or 

ALK fusions (ALKoma). As these lesions lost BAP1, the term ‘BAP1-inactivated spitzoid 

naevus’ might be more appropriate.46 Hopefully, the nomenclature will be clarified in the 

next edition of the World Health Organization Classification of Skin Tumours.

HRAS mutation and 11p gains

Increased copy numbers of 11p (which contains the HRAS locus) were first described in 

~17% of Spitz naevi.48 The majority of tumours with 11p gains have activating HRAS 
mutations, whereas they are quite uncommon in tumours without 11p gains.24 Tumours with 

11p gains show characteristic morphological features, including marked desmoplasia and 

stromal sclerosis (desmoplastic Spitz naevi, Fig. 3A–E). These tumours are predominantly 

intradermal and often show an infiltrating growth pattern and a low proliferation rate.24,49 

Clinically, most desmoplastic Spitz naevi show a favourable prognosis, but some of them 

might also progress to melanoma.49,50

HRAS mutations usually occur in exon 3, causing replacement of the glutamine at amino 

acid position 61 with a lysine (HRASQ61K) or an arginine (HRASQ61R). Mutations affecting 

exon 2 (codon 12 and 13) are less frequent. The amino acid exchange leads to a 

constitutively active protein stimulating cell proliferation via the MAP/ERK and the 

PI3K/AKT/mTOR pathway.

HRAS belongs with KRAS and NRAS to the family of RAS genes. HRAS mutations are 

found in less than 1% of melanomas 10 and it is not known why HRAS mutations occur 

almost exclusively in Spitz tumours. One explanation could be that HRAS mutations activate 

the PI3K/AKT/mTOR pathway more vigorously than NRAS mutations.51 The PI3K/AKT/

mTOR pathway is central to regulating mammalian cell size and cell survival.52 Stronger 

activation of the PI3K/AKT/mTOR pathway by HRAS mutations could explain why 

melanocytes are larger in Spitz tumours with HRAS mutations compared to the small, 
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naevoid cells in common acquired naevi with BRAF mutations. The different activation of 

signalling pathways may also explain why many Spitz tumours appear amelanotic.53

Kinase fusions

Translocations of the receptor tyrosine kinases ALK, ROS1, NTRK1, RET, or MET, and the 

serine-threonine kinase BRAF are observed in up to 50% of Spitz tumours.25,26 Patients 

with fusion positive Spitz tumours are younger than patients whose tumours lack 

translocations,25 a feature also shared by patients with kinase fusion-driven lung cancers,54 

thyroid cancers,55 and astrocytomas.56

The genomic rearrangements in Spitz tumours fuse the intact kinase domains to a wide 

range of partner genes, which lead to high expression of chimeric fusion proteins. Most of 

the fusion partners have coiled-coil domains, suggesting that these domains support ligand 

independent dimerisation and auto-phosphorylation of the kinase domain.25 The 

phosphorylated kinases activate multiple oncogenic signalling pathways, including the 

MAPK/ERK, PI3K/AKT/mTOR, and JAK-STAT pathways, which induce cell proliferation, 

improve cell survival, and increase cell size.25 While BRAF mutations predominantly 

activate the MAPK/ERK pathway, the major activation of the PI3K/AKT/mTOR pathway, 

which is a key regulator of cell size, could explain why the melanocytes are larger in Spitz 

tumours with kinase fusions than in common acquired naevi with BRAF mutations.

Kinase fusions occur in a mutually exclusive pattern and are not detected in tumours with 

HRAS mutations or BAP1 inactivation. Although the majority of Spitz tumours behave in an 

indolent fashion, some Spitz tumours (spitzoid melanomas) metastasise and require systemic 

therapy. Lung cancers, lymphomas, and sarcomas with ALK or ROS1 fusions57,58 and 

thyroid cancers with RET fusions can be successfully treated using kinase inhibitors such as 

crizotinib, cabozantinib, and vandetanib. Similarly, metastatic spitzoid melanomas 

harbouring kinase fusions might be potentially treatable with kinase inhibitors.

ALK fusions—ALK rearrangements occur in up to 10% of Spitz tumours and were 

reported in patients aged between 5 months and 64 years.25,59 ALK fusions have been 

described in other tumours, including anaplastic large cell lymphoma,60 lung cancer,61 

inflammatory myofibroblastic tumours62 and acral melanoma.63 ALK positive Spitz 

tumours are usually solitary, dome-shaped lesions and occur slightly more frequently on the 

extremities.59,64 The majority of tumours are amelanotic, but they can occasionally be 

heavily pigmented. The lesions are often clinically suspected to be irritated melanocytic 

naevi, virus induced lesions (verruca, molluscum contagiosum), or vascular lesions 

(angioma, pyogenic granuloma).59,64

Histopathologically, the most characteristic features are plexiform, intersecting fascicles of 

predominantly fusiform melanocytes in the dermis (Fig. 4A).64 The cell nuclei usually show 

smooth contours and a slightly vesicular chromatin pattern without marked pleomorphism 

(Fig. 4B,C). However, some tumours are composed predominantly of large epithelioid cells 

with enlarged nuclei and nuclear pleomorphism, displaying a plexiform growth pattern only 

focally. In patients who undergo sentinel lymph node biopsy, nests of neoplastic 

melanocytes are occasionally found in the lymph node.64
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Spitz tumours with ALK translocations are strongly positive for ALK by 

immunohistochemistry (Fig. 4D,E). The plexiform morphology together with positive ALK 

immunohistochemistry enables the accurate identification of this morphologically and 

genetically distinct subset of Spitz tumours. ALK rearrangements can also be confirmed by 

fluorescence in situ hybridisation (FISH), reverse transcription polymerase chain reaction 

(RT-PCR), or next-generation sequencing (NGS; Fig. 4F). The recently described ALK 
isoform in melanoma, ALKATI,65 which originates from an alternative transcriptional 

initiation site within the ALK gene and consists primarily of the intracellular tyrosine kinase 

domain, has so far not been described in Spitz tumours.

The most prominent ALK fusion partners are TPM3 and DCTN1.25,59,64 ALK positive Spitz 

tumours analysed by FISH are negative for copy number changes of 6p, 6q, 9p, or 11q, and 

do not meet FISH criteria for melanoma.64,66 In line with these results, array comparative 

genomic hybridisation (CGH) often shows a balanced profile with no copy number 

aberrations, or only few chromosomal changes, including losses on chromosome 2 (usually 

between the ALK and the DCTN1 locus) or loss on chromosome 1p.59 Functional studies 

with murine melanocytes expressing ALK fusions showed activation of the MAPK/ERK and 

PI3K/AKT/MTOR pathways compared to controls.25 Crizotinib inhibited the ALK fusion 

induced activation of these oncogenic signalling pathways, which is in line with signalling 

data in lymphoma60 and lung cancer.61

ROS1 fusions—ROS1 fusions are seen in up to 10% of Spitz tumours, which occur 

predominantly on the extremities in patients aged between 1 and 59 years.25 ROS1 fusions 

have also been described in lung carcinoma,67 glioblastoma,68 and cholangiocarcinoma.69 

The rearrangements fuse the intact tyrosine kinase coding sequence of ROS1 to a wide 

variety of fusion partners.

Spitz tumours with ROS1 fusions usually present as dome-shaped, well-circumscribed 

melanocytic compound proliferation (Fig. 5A,B). Irregular epidermal hyperplasia is 

frequently seen, along with occasional Kamino bodies. The lesions are composed of large 

spindled and epithelioid melanocytes with vesicular nuclei and variable atypia (Fig. 5C).25 

However, as no specific cytological and histological features are associated with ROS1 
fusions, the identification of tumours with ROS1 positive Spitz tumours is difficult. An 

antibody to detect the expression of the chimeric ROS1 protein by immunohistochemistry is 

available, but the staining is often quite weak (Fig. 5D). Positive ROS1 

immunohistochemistry is seen exclusively in cases with ROS1 rearrangements (high 

specificity), but cases with genetically validated ROS1 kinase fusions can lack ROS1 

immunoexpression (low sensitivity). Alternatively, ROS1 rearrangements can be detected by 

FISH, RT-PCR or NGS (Fig. 5E).

Functional studies expressing ROS1 fusions in melanocytes revealed activation of the 

MAPK/ERK and PI3K/AKT/MTOR pathways,25 which is in line with data reported in 

various other cancer types with ROS1 fusions.58,70 Similar to ALK fusions, crizotinib 

inhibited the activation of the oncogenic signalling pathways, suggesting that inhibition of 

ROS1 might be a rational therapeutic option for metastatic tumours.25
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NTRK1 fusions—NTRK1 rearrangements occur in up to 10% of Spitz tumours, and are 

seen in patients aged between 2 and 73 years.25 NTRK1 fusions have been described at low 

frequency in lung carcinoma,71 papillary thyroid cancer,72 and paediatric glioma.73 

Histopathologically, Spitz tumours with NTKR1 fusions show classical spitzoid features, but 

no specific morphological characteristics (Fig. 6A,B). Intersecting fusiform cellular growth, 

as seen in ALK positive tumours, is infrequent. Tumours with NTRK1 fusions show strong 

staining for NTRK1 by immunohistochemistry, which helps to identify cases with NTRK1 
fusions (Fig. 6C,D). Although the antibody shows high specificity and sensitivity, some 

melanocytic lesions without NTRK1 fusions might show weak background staining due to 

low endogenous expression.

The LMNA-NTRK1 fusion is by far the most frequent NTRK1 fusion in Spitz tumours (Fig. 

6E). Compared to the control cells, the expression of the LMNA-NTRK1 fusion in murine 

melanocytes showed increased phosphorylation of the chimaeric fusion protein and 

activation of the MAPK/ERK and PI3K/AKT/MTOR pathways.25 The oncogenic activity of 

NTRK1 is further supported by reports showing that autocrine neurotrophin signalling 

involving NTRK1 promotes proliferation and migration of melanocytic cell lines,74 and that 

constitutively active NTRK1 also activates oncogenic signalling pathways in other cell 

types.75 NTRK1 inhibitors suppress the oncogenic signalling.25

RET fusions—Genomic rearrangements of RET are seen in less than 5% of Spitz tumours 

and commonly involve the fusion partners KIF5B and GOLGA5.25 The KIF5B-RET fusion 

has been shown to drive lung cancer formation,54,76,77 and the GOLGA5-RET fusion was 

first described in papillary thyroid carcinomas occurring in children exposed to radioactive 

fallout from the Chernobyl nuclear accident.55 As RET positive Spitz tumours are quite rare 

and no RET antibody is reliable for immunohistochemistry, little data is available on their 

clinical and histopathological characteristics.

In mice, RET overexpression results in a generalised proliferation of melanocytes, naevi 

formation, and ultimately in melanomas.78 Murine melanocytes expressing RET fusions 

show activation of PLCγ-1 and of the MAPK/ERK and PI3K/AKT/MTOR pathways.25 RET 
inhibitors such as vandetanib or cabozantinib, which are both in clinical use for medullary 

thyroid cancer with RET fusions, suppress the oncogenic activity.25

MET fusions—Genomic rearrangements that fuse the MET kinase domain to various 

fusion partners were described in six Spitz tumours26 and are probably quite rare. Functional 

studies revealed that MET fusions constitutively activate the MAPK/ERK and PI3K/AKT/

MTOR pathways. Kinase inhibitors such as cabozantinib block oncogenic MET signalling 

and may provide treatment options for patients with metastatic tumours.26

BRAF fusions and amplification—BRAF fusions are seen in approximately 5% of 

Spitz tumours and are not associated with specific morphological characteristics (Fig. 7A–

C).25 BRAF rearrangements result in a loss of the auto-inhibitory, N-terminal RAS-binding 

domain and have been identified in pilocytic astrocytomas,56 papillary thyroid carcinoma,79 

and rarely also in melanocytic tumours.10,80,81 As BRAF is constitutively expressed in 

melanocytic tumours, immunohistochemistry for BRAF fusions is not specific and the 
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kinase fusions have to be detected with genomic methods such as FISH or NGS (Fig. 7D). In 

addition to BRAF fusions and BRAF mutations, amplification of wild-type BRAF has also 

been described in a small number of Spitz tumours.25

MULTI-STEP TUMORIGENESIS AND TUMOUR PROGRESSION

Neoplastic cells evolve from normal cells through the sequential acquisition of randomly 

striking somatic genetic and epigenetic aberrations.82–84 Tumour evolution and progression 

are evolutionary processes that select for specific abilities and advantages. The selected 

genomic aberrations predominantly affect genes controlling cell proliferation, survival, 

differentiation, and additional traits associated with malignant cells. Multiple complex and 

interconnected barriers exist to prevent uncontrolled cell proliferations. These cell-

autonomous defence mechanisms (such as apoptosis or senescence) efficiently hinder 

uncontrolled cell growth and cancer.85

In addition to cell-autonomous mechanisms, the immune system has the ability to monitor 

tissue homeostasis and to destroy neoplastic cells. Under normal conditions, the immune 

system is tamed by inhibitory immune checkpoints to maintain self-tolerance and to limit 

collateral tissue damage during viral and microbial immune responses. However, 

interrupting these inhibitory immune checkpoints with drugs, such as anti-CTLA-4, anti-

PD-1, anti-PD-L1, unshackles the immune system, which may lead to durable cancer 

regression.86

Mitogenic drivers cause Spitz naevi

Under physiological conditions, melanocytes are located in the basal layer of the epidermis 

and grow only when stimulated by extracellular growth factors, which are provided by the 

surrounding cells. These growth factors bind to receptor tyrosine kinases (or to other 

receptors) and activate various intracellular signalling cascades such as the MAP/ERK and 

the PI3K/AKT/mTOR pathway (Fig. 8). Early steps in tumour progression are often 

genomic aberrations, which activate the same signalling cascades that are stimulated by 

extracellular growth factors.87 These mitogenic driver aberrations stimulate cell proliferation 

by mimicking growth factors and thereby transform normal cells to clonal proliferations. In 

Spitz tumours, these mitogenic driver aberrations are HRAS mutations, BRAF mutations (in 

conjunction with BAP1 inactivation) and rearrangements of the kinases ALK, ROS1, 

NTRK1, RET, MET, and BRAF.

Mitogenic driver mutations generate small benign tumours such as Spitz naevi, but these 

become growth arrested through senescence. The mitogenic driver aberrations and the 

associated cellular stress usually leads to an initial phase of cell proliferation, followed by 

permanent growth arrest (senescence), which is characterised by failure to re-enter the cell 

cycle in response to mitogenic stimulation.88 Senescence is triggered by various mechanisms 

such as telomere erosion, DNA damage, increased concentration of reactive oxygen species 

(ROS), or epigenetic changes through oncogene activation such as de-repression of tumour 

suppressor genes.88 Mechanistically, the p16 and p53 pathways are key components in 

inducing senescence and suppressing tumour growth. When the p16 and p53 pathways are 

activated, cell cycle inhibitors counterbalance the oncogenic signalling from the 
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MAPK/ERK and PI3K/AKT/mTOR pathways (Fig. 8). The senescent cells are then often 

removed by the immune system, partly by direct recognition of the senescent cells by T 

helper cells89 or by phagocytic cells, which are attracted by a pro-inflammatory response 

induced by senescent cells.90

Hence, mitogenic driver mutations are necessary, but not sufficient, for malignant 

transformation. This explains why mitogenic driver mutations are found across the entire 

biological spectrum of melanocytic neoplasms, from clearly benign to obviously malignant 

lesions, and illustrates that they are not useful in determining the biological behaviour of 

melanocytic tumours (Fig. 9). Nevertheless, they provide important therapeutic targets for 

therapy.57,58,91

Atypical Spitz tumours escape senescence

Mitogenic drivers have been identified in naevi and melanoma. The key difference between 

benign and malignant melanocytic tumours is the ability of the latter to escape cell-

autonomous (e.g., senescence or apoptosis) and non-cell autonomous (e.g., immune system) 

tumour suppressing mechanisms. The efficiency of transformation barriers in eliminating 

neoplastic cells is highlighted by multiple observations: naevi are much more common than 

melanomas; families with germline mutations in tumour suppressor genes, such as TP53, 

CDKN2A, or BAP1, have an increased risk for malignancies;92 and tumour suppressor 

genes are among the most commonly inactivated genes in cancer.83

The CDKN2A gene, for example, encodes the proteins p14 and p16. Loss of CDKN2A 
therefore affects two major pathways involved in cellular senescence. p14 stabilises p53 by 

preventing MDM2 mediated degradation of p53 (Fig. 8). p53 can then activate various 

tumour suppression pathways and thereby triggers apoptosis and senescence.87 p16 

sequesters CDK4/6, which inhibits the phosphorylation of Rb and causes an arrest of the 

cell-cycle (Fig. 8). However, somatic disruption of CDKN2A alone, without mitogenic 

driver aberrations, has no biological effect, because normal melanocytes express p16 only as 

stress response;87 but if melanocytes with CDKN2A loss acquire additional mitogenic driver 

aberrations, atypical or malignant melanocytic tumours may develop directly without 

precursor lesions. This might explain why only a minority of melanomas arise from naevi.93

The accumulation of genetic aberrations abrogating transformation barriers induces selective 

survival benefits. The cells become tolerant to abnormal cellular functions, start to show 

cytological atypia, and may survive in foreign microenvironments such as lymph nodes. The 

neoplasms grow in a less organised fashion, deviate from the normal growth pattern of 

benign melanocytic lesions, and may become invasive. Because of these cytological and 

histological atypical, the lesions are usually classified as ASTs. However, additional 

transformation barriers are still intact and counteract unrestrained proliferation and 

metastasis, which explains why a few disseminated neoplastic melanocytes in the lymph 

node is not synonymous with cells that metastasise, grow and take over the infiltrated distant 

organs. One might speculate that the strong activation of PI3K/AKT/mTOR in Spitz tumours 

might lead to survival benefits so that the cells can survive in the lymph node, but that they 

have not acquired the abilities to grow efficiently and to spread to other organs. It also 

illustrates that the presence of isolated genetic aberrations in tumour-suppressive 
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mechanisms, such as deletion of CDKN2A at 9p21,94 TERT promoter mutations,95 or 

isolated chromosomal aberrations,96 may increase the risk for dissemination (e.g., to 

regional lymph nodes), but are not sufficient for full malignant transformation and distant 

metastasis/colonisation (Fig. 9).

Spitzoid melanomas require additional aberrations

In contrast to benign proliferations, malignant tumours have the ability to grow indefinitely, 

to invade adjacent tissues, and to colonise distant tissues and organs. The aforementioned 

mitogenic driver aberrations provide proliferative signalling, and genetic aberrations 

abrogating tumour suppression pathways provide survival benefits. However, melanocytes 

have to acquire several additional abilities before they can widely spread, colonise and grow 

in different organs. The acquisition of these abilities occurs usually via genetic aberrations, 

epigenetic aberrations and/or adaptations to the new environment and is accompanied by 

increased cytological atypia.83,85

For example, to resist cell death and to adapt to unfamiliar and hostile microenvironments in 

diverse organs, melanocytes have to up-regulate additional pro-survival pathways such as the 

PI3K/AKT/mTOR pathway (e.g., through loss of PTEN or amplification of AKT), or they 

have to suppress pro-apoptotic pathways (e.g., by inactivating p53 or amplifying MDM2). 

Another example is that melanocytes enable replicative immortality by avoiding shortening 

of their telomeres and up-regulating the telomerase reverse transcriptase (TERT). TERT 
promoter mutations can up-regulate TERT, and thus, may confer to immortality of 

melanocytic tumours.97 TERT promoter mutations have not been reported in naevi, but 

occur in 33% of primary melanomas and in 85% of melanoma metastases, suggesting that 

these mutations also play an important role in tumour progression.97 Moreover, TERT 
promoter mutations have been associated with poorer prognosis in patients with melanoma98 

and Spitz tumours.95 Additional complex characteristics that drive tumour progression, such 

as invasion and metastasis, induction of angiogenesis, reprogramming of energy metabolism, 

evading immune destruction, and genomic instability are often summarised under the term 

‘hallmarks of cancer’. The characteristics are not specific to melanocytic tumours, but are 

acquired by all cancers and are reviewed in detail elsewhere.83,85

DIAGNOSIS OF SPITZ TUMOURS

Clinical and histopathological criteria

Histopathological examination remains the gold standard for the diagnosis of melanocytic 

neoplasms. Histological characteristics that are associated with malignancy in Spitz tumours 

are cytological atypia with marked nuclear pleomorphism, mitoses (especially near the 

base), pagetoid spread, confluence of nests, sheets of melanocytes, ulceration of the 

epidermis, necrosis, inflammation, poor circumscription, and asymmetry.8 An in-depth 

description of the clinicopathological criteria used for diagnosis of Spitz tumours is beyond 

the scope of this article, but these criteria are discussed in detail elsewhere.2,4,5,8,99
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Ancillary diagnostic tools

Immunohistochemistry—Immunohistochemistry is widely accessible and plays an 

important role in the diagnosis of melanocytic tumours. Markers, such as S100, SOX10, 

Melan-A, MITF, Mart-1, HMB45, and tyrosinase are widely used to establish melanocytic 

differentiation. These markers also help to better assess the growth pattern when 

melanocytes are poorly visible. Proliferation markers, such as Ki-67 or pHH-3, are used to 

assess the percentage of proliferating cells.

Antibodies to detect specific genomic aberrations have gained relevance in recent years. The 

VE1 antibody recognises the mutant BRAFV600E protein.37,40 An antibody is also available 

for the protein product of NRASQ61R mutations.100 Both of these antibodies have high 

specificity and sensitivity, but recognise only the most prevalent mutations of BRAF and 

NRAS. BAP1 immunohistochemistry is commonly used for lesions with epithelioid cells to 

validate loss of BAP1 (Fig. 2F,I). Despite their sometimes worrisome histological picture, 

Spitz tumours with BAP1 loss often have a favourable prognosis. In addition, the presence 

of multiple melanocytic tumours with BAP1 loss is suspicious for BAP1 germline mutations 

(BAP1 hereditary predisposition syndrome) and therefore should be investigated further.38

Many of the translocated receptor kinases detected in Spitz tumours are normally not 

expressed in human tissue. Therefore, immunohistochemical expression of these kinases 

correlates well with the presence of genomic rearrangements. The ALK antibody has high 

sensitivity and specificity (Fig. 4D,E).64 The NTRK1 antibody may show some weak 

background staining due to low endogenous NTRK1 expression, but moderate to strong 

staining is usually very specific for NTRK1 fusions (Fig. 6C,D).25 ROS1 fusion can also be 

detected with immunohistochemistry, but in our experience, the antibody often shows weak 

reactivity, and is not 100% sensitive (Fig. 5D).25

Immunohistochemistry for p16 is controversial. As discussed above, p16 has been associated 

with aggressive clinical behaviour of ASTs. However, p16 expression is often 

heterogeneously expressed, and not even in common acquired melanocytic naevi do all 

melanocytes express p16.101 This may reflect the numerous mechanisms of tumour 

suppression, so that some cells become senescent by other mechanisms. The use of p21 

immunohistochemistry in the diagnostic work-up of melanocytic tumours with borderline 

morphological features also remains debatable. At present, it appears that no single 

senescence marker can reliably distinguish naevi from melanomas.102

Array comparative genomic hybridisation—Array CGH is a genetic technique that 

analyses the entire genome for copy number alterations (CNA) by comparing tumour DNA 

to normal, reference DNA. In brief, the isolated tumour and reference DNA are each labelled 

with either a red or a green fluorescent-dye. The differentially fluorescent-labelled DNA 

samples are then mixed at a 1:1 ratio and co-hybridised to a microscope slide that is spotted 

with many thousand DNA fragments (DNA microarray). During co-hybridisation, the red- 

and green-labelled DNA probes compete for the binding site on each spot on the DNA 

microarray. Subsequently, the intensities of the red and green fluorescent-dye at each spot 

are individually measured and quantified. The resulting ratio of the fluorescence intensities 

is proportional to the ratio of the copy number of DNA sequences in the tumour and 
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reference DNA; if the green and red fluorescence intensities are equal at one spot, that 

genome region is interpreted as having equal quantity of DNA in the tumour and reference 

samples, i.e., the tumour has no CNA at this region. An altered ratio of the red and green 

fluorescent dyes indicates DNA copy number loss or gain.

Array CGH works reasonably well on formalin fixed, paraffin embedded tissue, but in cases 

with suboptimal DNA quality (poor fixation, degraded material), it can be difficult to obtain 

reliable results.103 Array CGH screens the entire genome for CNAs, but false-negative 

results occur when the percentage of tumour cells in the specimens is below 50%, e.g., due 

to tumour-infiltrating lymphocytes or other admixed non-neoplastic (e.g., stromal) cells. 

Most importantly, array CGH only detects CNAs, but no other genomic aberrations such as 

small indels, point mutations, and or balanced translocations.

Naevi usually lack CNA, with a few exceptions such as gains of 11p in desmoplastic Spitz 

naevi24,104,105 and isolated loss of chromosome 3 in epithelioid melanocytic tumours with 

BAP1 loss.23 In contrast, most melanomas usually exhibit multiple CNAs of whole 

chromosomes and subchromosomal regions.104,105 Melanomas frequently have homozygous 

deletions of regions containing tumour suppressor genes (CDKN2A, 9p21; PTEN, 10q23) 

and hemizygous losses affecting entire chromosome parts, including 6q, 8p, 9p and 10. 

Regions containing oncogenes (BRAF, 7q34; MITF, 3p13) are frequently amplified and low 

copy number gains of the chromosome parts 6p, 7 and 8q are also often observed. In 

addition, specific subtypes of melanoma are associated with distinct patterns of CNAs.17

Since the vast majority of melanocytic tumours are histologically distinguishable as clearly 

benign or malignant, there is no need for CGH of these tumours in diagnostic settings. Few 

published data are available on ambiguous histological tumours,106 but from these data and 

our own experience it seems that the detected CNA reflect the histology quite well. The 

array CGH profiles of ASTs usually show more genomic aberrations than benign tumours, 

but fewer than malignant tumours. Therefore, array CGH may help to down-grade (low-risk) 

or up-grade (high-risk) the risk of malignant behaviour in ASTs, but usually does not give 

clear answers if a given lesion is benign or malignant (Fig. 10).

Fluorescence in situ hybridisation—The identification of chromosomal gains and 

losses by array CGH led to the development of interphase FISH assays. While array CGH is 

mainly performed at academic centres, because it is labour-intensive and associated with 

significant costs, FISH is more widely available and requires only basic laboratory 

equipment and a fluorescence microscope.107 In FISH, fluorescent-labelled DNA probes are 

hybridised to formalin fixed, paraffin embedded histological sections on glass slides. The 

fluorescent-labelled FISH probes bind to their complementary DNA sequences on specific 

chromosome loci. The number of fluorescent signals in each cell nucleus then is evaluated 

under a fluorescence microscope, and is equal to the copy number of the chromosomal 

regions targeted by the FISH probes (Fig. 11A–C).

The originally described melanoma FISH assay (Fig. 11D), which is still commercially 

available, uses four FISH probes to evaluate the CCND1 region (11q13, green) on 

chromosome 11 and the regions RREB1 (6p25, red), centromere 6 (blue), MYB (6q23, 
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orange) on chromosome 6.66,108 This assay was reported to distinguish histologically 

unambiguous melanomas from naevi with a sensitivity of 87% and a specificity of 95%.108 

Subsequent studies reported that this assay also distinguishes melanoma from adjacent naevi 

in 78% of cases,109 naevoid melanomas from mitotically active naevi in 100 % of cases,110 

and epithelioid blue naevi from blue naevus-like cutaneous melanoma metastases with a 

sensitivity of 90%.111

More recently, homozygous deletions of the CDKN2A locus at 9p21 were found in spitzoid 

melanomas and associated with a more aggressive clinical course in ASTs.94,112,113 Other 

groups also reported fatal outcomes of spitzoid tumours with heterozygous CDKN2A 
deletions detected by FISH,114 suggesting that the other CDKN2A allele was inactivated by 

other genetic mechanisms such as mutations, genomic rearrangements, epigenetic 

mechanisms (e.g., promoter hypermethylation), or small deletions, which are often not 

detected by FISH.115 Nevertheless, FISH probes targeting 9p21 and centromere 9 (as a 

control) were added to the original FISH panel, resulting in a 6-probe assay (RREB1, 

CCND1, MYB, CEP6, CDKN2A, and CEP9).108 Other labs omitted two probes on 

chromosome 6 of the original FISH assay, and instead added probes for MYC at 8q24, 

CDKN2A at 9p21, and centromere 9, resulting in a 5-probe assay (RREB1, MYC, 

CDKN2A, CCND1 and CEP9). However, the sensitivity and specificity of all melanoma 

FISH assays in discriminating between melanoma and benign naevi seems to be quite 

similar to the originally described FISH panel (approximately 85% and 95%, respectively), 

and tends to be even lower in spitzoid melanomas and superficial spreading 

melanoma.116,117

Although a number of commercial labs and academic centres are promoting FISH as an 

ancillary diagnostic test for borderline melanocytic tumours such as ASTs, it has not been 

proven that FISH improves the diagnostic accuracy of difficult melanocytic lesions. FISH 

only evaluates 4–6 genomic loci for CNAs, which explains its limited sensitivity and 

specificity,118 with a false negative rate of 15% in unambiguous melanocytic tumours. CNAs 

in other chromosomal regions, and all other types of genomic aberrations, including 

mutations, small indels, and genomic rearrangements, cannot be detected with FISH. The 

original FISH assay does not discriminate ASTs from Spitz naevi.114 Many FISH negative 

melanomas meet criteria for melanoma when analysed with array CGH (Fig. 11E).119 

Consequently, atypical histopathological tumours concerning for malignancy are usually 

diagnosed on the basis of pathological evaluation as melanoma, and negative FISH results 

are usually disregarded.

On the other hand, a single chromosomal aberration in FISH does not equate to the 

diagnosis of melanoma, although they are often incorrectly equated with malignancy.120 

Specific examples are cases with loss of MYB on 6q2394,121,122 or BAP1 on 3p2123,39 

which usually appear to show an indolent clinical behaviour. As we explained above, tumour 

progression is a complex multistep process, and although single genomic aberrations might 

increase the risk for malignant progression, a single aberration is not equivalent to 

malignancy. Lastly, the accuracy of FISH is highly operator dependent (e.g., due to factors 

such as biased selection of nuclei for evaluation and the presence of polyploidy),123,124 

which is also exemplified by the fact that several different analysis algorithms are 
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published.119,125 Overall, based on available data, FISH has a very limited role in the 

diagnostic evaluation of Spitz tumours.96

Next-generation sequencing—In recent years, NGS has revolutionised the molecular 

analysis of cancers. NGS assays can assess most relevant genomic aberrations, including 

CNAs, point mutations, small deletions and insertions, and genomic rearrangements across 

the entire genome (Fig. 12),126 which contrasts with the more limited range of aberrations 

evaluable with array CGH and FISH. NGS assays can be scaled to the required tasks, 

ranging from sequencing the entire genome (whole-genome sequencing), to sequencing only 

the protein-coding regions (whole-exome sequencing), to sequencing only a few selected 

genes (targeted sequencing).127

Challenges of NGS include: the need for infrastructure with considerable computing power 

and capacities for data storage; expertise in bioinformatics and data interpretation, especially 

because the data analysis pipelines are not standardised; and high costs, certainly in 

comparison to immunohistochemistry, CGH and FISH, although the costs of NGS assays are 

decreasing rapidly. Currently, only a limited number of commercial and academic 

laboratories offer NGS-based mutational testing, mainly for management of patients with 

advanced stage malignancies. As the costs of NGS assays continue to decrease, their 

availability and use as ancillary tests to help with diagnosis, prognostic assessment, and 

evaluation of therapeutic targets can be expected to increase significantly.

CONCLUSIONS

Advances in tumour genomics have helped us to better understand the complex biology and 

distinct morphological features of Spitz tumours. However, diagnosis still relies primarily on 

the clinical and histopathological features, because the morphological phenotype reflects an 

enormous number of pathobiological processes, including the concerted expression of all 

genes, the sum of all epigenetic effects (gene methylation, post-translational modifications, 

interactions of proteins and other gene products), the tumour microenvironment, and the 

immune response with specific infiltration patterns and composition of immune cells. 

Currently available genomic techniques are not able to capture the complexity of the 

mechanisms involved in malignant progression.

The histopathological diagnosis of ASTs remains challenging and ancillary genetic 

techniques have been evaluated in the diagnostic work-up of spitzoid melanocytic 

tumours.96,128 However, after initial enthusiasm, the results of ancillary genetic tests are 

quite sobering. Array CGH and FISH are quite proficient at separating tumours that are 

readily classifiable as benign or malignant by pathologists after microscopic evaluation, but 

they are usually not very helpful in determining the dignity of histologically ambiguous 

melanocytic tumours such as ASTs. These disappointing results can be partially explained 

by the tumour progression model characterised by the sequential acquisition of genomic 

aberrations, which suggests the existence of a continuous biological spectrum rather than a 

clear-cut dividing line between benign and malignant. ASTs with conflicting histological 

criteria usually show more genomic aberrations than Spitz naevi, but fewer than spitzoid 

melanomas, and are probably best classified as low-grade melanocytic tumours.

Wiesner et al. Page 16

Pathology. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



With the greater impact of genomic techniques in the diagnosis, prognosis and therapy of 

Spitz neoplasms, the concept of ‘Spitz tumours’ may change in the future, mainly because it 

is a genetically very heterogeneous group of diseases. Following an integrated clinical, 

histopathological and molecular classification system, Spitz tumours with HRAS, BAP1, 

and specific types of kinase fusions will probably be considered and reported as distinct 

disease entities. Histopathological evaluation can help to determine the likelihood of specific 

genetic aberrations within a given tumour, but because the specificity of morphological 

features is limited, genomic and immunohistochemical assays should be used to validate the 

underlying aberrations. Even more importantly, genomic aberrations should be correlated 

with the histopathology. For example, a plexiform Spitz tumour with an ALK kinase fusion 

can be expected to have a good prognosis, but a tumour with the same morphological 

characteristics with a BRAF mutation is quite concerning; BRAF mutations are usually 

found in common acquired melanocytic naevi with small naevoid cells, but not in tumours 

with large epithelioid or spindled cells in a plexiform pattern, and such discrepancies should 

raise the suspicion of malignancy.

In the near future, NGS can be expected to provide a more comprehensive picture of the 

genomic aberrations in melanocytic tumours in general, and Spitz tumours in particular. 

Integration of clinical, histopathological and molecular data will likely play an essential role 

in diagnosis, prognostic assessment and targeted treatment of melanocytic tumours 

(‘precision oncology’).
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Fig. 1. 
Frequent genomic aberrations in cutaneous melanocytic tumours. (A) Common acquired 

naevi show BRAF hotspot mutations in the vast majority of cases. Congenital naevi 

frequently harbour NRAS hotspot mutations. (B) Blue naevi and related melanocytic 

neoplasms share activating mutations of GNAQ and GNA11. While GNAQ mutations 

dominate in cutaneous proliferations, GNA11 and GNAQ mutations account each for ~40% 

of uveal melanomas. (C) Cutaneous melanomas show BRAF hotspot mutations in ~50%, 

NRAS mutations in ~25% and rarely KRAS and HRAS mutations, and NF1 loss in ~10% of 

cases. The ‘triple wild-type melanoma’ subtype is a heterogeneous subgroup of melanoma 

with infrequent driver mutations such as KIT, CTNNB1, or genomic rearrangements. (D) 

Compared to cutaneous melanoma and to common and blue naevi, Spitz tumours show 

different chromosomal aberrations: translocations involving the kinases ALK, ROS1, 

NTRK1, BRAF, RET, MET are observed in up to 50% of cases, but are rarely observed in 

other subtypes of melanocytic tumours. HRAS mutations are often associated with a 

desmoplastic histological phenotype (desmoplastic Spitz naevus). Aberrations of BAP1 
occur frequently with activating BRAF mutations and are associated with an epithelioid 

morphology.
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Fig. 2. 
Clinical and histological appearance of melanocytic tumours with BAP1 loss. (A) A 65-

year-old man with a BAP1 germline mutation. Numerous flat and homogeneously brown-

pigmented melanocytic skin lesions dominate the clinical picture. (B,C) Melanocytic 

tumours with BAP1 loss usually present as inconspicuous, small, skin-coloured to slightly 

pink plaques or dome-shaped papules. (D) Wedge-shaped, symmetrical tumour with 

melanocytes in nests and sheets. (E) The neoplastic cells present with well-defined 

cytoplasmic borders, moderate amounts of amphophilic cytoplasm, and slightly enlarged, 

round to oval nuclei with condensed chromatin without atypia. (F) BAP1 

immunohistochemistry is negative in the naevoid melanocytes, but positive in nuclei of 

epidermal keratinocytes and scattered lymphocytes. (G) Shave biopsy of a predominantly 

dermal melanocytic tumour. (H) Large epithelioid and atypical melanocytes (same 

magnification as E; note the difference in size of the neoplastic cells). The neoplastic cells 

show well-defined cytoplasmic borders and abundant amphophilic cytoplasm. The large 

nuclei show vesicular chromatin with prominent nucleoli, and vary in size and shape. (I) The 

nuclei of the large, epithelioid melanocytes are negative for BAP1 immunohistochemistry, 

whereas the admixed lymphocytes are positive. These two cases illustrate the two extremes 

in the biological spectrum of melanocytic neoplasms with BAP1 inactivation, ranging from 

clearly benign lesions with only very slightly atypical naevoid cells (D–F) to borderline 

malignant tumours with significant atypia (G–I).
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Fig. 3. 
Desmoplastic Spitz tumours frequently show HRAS mutations and gains of the short arm of 

chromosome 11. (A) Quite symmetrical, intradermal tumour with low cellularity from the 

retro-auricular region of a 43-year-old man. (B) Desmoplasia with single cells and clusters 

of spindle-shaped and epithelioid melanocytes between collagen bundles. (C) Large, 

epithelioid melanocytes between collagen bundles with vesicular chromatin and prominent 

nucleoli. (D) The array CGH profile indicates a gain of the short arm of chromosome 11, 

which harbours the HRAS gene. (E) The electropherogram shows a mutation affecting 

codon 61 of the HRAS gene (HRASQ61R).
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Fig. 4. 
Plexiform Spitz tumours frequently show ALK translocations. (A) Relatively symmetrical, 

exophytic, predominantly intradermal melanocytic tumour with focal epidermal hyperplasia 

from the buttock of a 14-year-old boy. (B) Plexiform growth pattern and intersecting 

fascicles of fusiform melanocytes. (C) Proliferation of cytologically fairly bland spindle and 

epithelioid melanocytes. Note mitosis in the centre. (D,E) The neoplastic melanocytes are 

positive for ALK immunohistochemistry, with staining of the cytoplasm. (F) Illustration of 

the TPM3-ALK kinase fusion. The ALK gene is located on chromosome 2p23; the TPM3 
gene on chromosome 1q21. Because of the genomic rearrangement, the TPM3 exons 1–8 

are fused with the ALK exons 20–29 containing the transforming tyrosine kinase domain. 

The in-frame fusion junction of the chimaeric transcript is confirmed by Sanger sequencing.
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Fig. 5. 
Spitz tumours with a ROS1 kinase fusion. (A) Exophytic, compound melanocytic tumour 

with irregular epidermal hyperplasia and permeative lymphocytic infiltrate from the lower 

left arm of a 19-year-old woman. (B) Epidermal and dermal nests of (C) epithelioid 

melanocytes with minor atypia. (D) The neoplastic melanocytes are positive for ROS1 

immunohistochemistry. (E) Illustration of the PPFIBP1–ROS1 kinase fusion. The ROS1 
gene is located on chromosome 6q22, and the PPFIBP1 gene on chromosome 12p11. Owing 

to genomic rearrangements, PWWP2A exons 1–8 are fused to ROS1 exons 35–43 

containing the tyrosine kinase domain. Sanger sequencing over the junction confirms the 

chimaeric transcript.
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Fig. 6. 
Spitz tumours with a NTRK1 kinase fusion. (A) Oval-shaped, compound melanocytic 

tumour with moderate epidermal hyperplasia from the upper arm of a 9-year-old girl. (B) 

Large epithelioid melanocytes with vesicular nuclei and prominent nucleoli, and moderate 

nuclear pleomorphism. (C,D) The neoplastic melanocytes are positive for NTRK1 

immunohistochemistry and show cytoplasmic staining. (E) The LMNA–NTRK1 kinase 

fusion is caused by a 743 kb intrachromosomal deletion on chromosome 1q, joining the first 

two exons of LMNA with exon 11–17 of NTRK1. Sanger sequencing confirms the in-frame 

junction of the fusion transcript.
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Fig. 7. 
Pigmented spindle cell naevus with a BRAF fusion. (A) Symmetrical and well-

circumscribed compound proliferation with slight epidermal hyperplasia from the lower 

right leg of a 17-year-old woman. (B) Elongated melanocytic nests with numerous 

melanophages in the papillary dermis. (C) Spindled and epithelioid pigmented melanocytes. 

(D) Interphase FISH with break-apart probes flanking the BRAF locus confirms the BRAF 
rearrangement (individual green and red signals). The paired red/green signals indicate the 

wild-type BRAF alleles.
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Fig. 8. 
Molecular pathways of proliferation, survival and senescence. Extracellular growth factors 

trigger the dimerisation of receptor tyrosine kinases, leading to autophosphorylation and 

activation of intracellular signalling cascades such as the MAPK/ERK or the PI3K/AKT/

mTOR pathway. Among a variety of other functions, these signalling pathways increase cell 

proliferation and survival. Many of the components, especially of the MAPK/ERK pathway, 

show genetic aberrations in spitzoid melanocytic tumours, which lead to a constitutive 

pathway activation. However, the activation of oncogenic pathways epigenetically de-

represses the CDKN2A locus, encoding the proteins p16 and p14. Oncogene activation and 

cell proliferation may also lead to telomere shortening and increased concentrations of 

reactive oxygen species (ROS), which causes a DNA-damage response and activates p53 and 

p21. The signalling cascades of the p16 and p53 pathway converge on the tumour suppressor 

retinoblastoma (Rb) and on cell cycle inhibitors. After initial cell proliferation, these 

signalling pathways cause a durable proliferative arrest, termed senescence.
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Fig. 9. 
Tumour progression model of Spitz tumours. Most tumours, including melanocytic 

neoplasms, develop through sequential acquisition of genomic aberrations. This tumour 

progression model suggests a continuous biological tumour spectrum rather than a clear 

dividing line between benign and malignant. The acquisition of genomic aberrations usually 

correlates with increased histological atypia and, consequently, tumours with conflicting 

histological criteria (atypical Spitz tumours) show more genomic aberrations than benign 

(Spitz naevi), but fewer than malignant (spitzoid melanoma) tumours. The order of genetic 

aberrations described here is likely to be a common sequence, because cell proliferation 

(induced by mitogenic genetic aberrations) is associated with a high probability to acquire 

additional genetic aberrations. However, the genetic changes may also occur in a different 

order and the sequence displayed here denotes that spitzoid melanomas have additional 

mutations, but not that all melanomas arise from naevi. Spitzoid melanoma arising without 

an obvious antecedent naevus may suggest that aberrations in the fail-safe mechanisms 

develop before the mitogenic driver. Spitz naevi usually only have a strong proliferation 

signal such as activating HRAS mutations or kinase fusions. These mitogenic genetic 

aberrations initiate tumour formation, but after initial cell proliferation, multiple fail-safe 

mechanisms stably block further growth (Spitz naevus). Atypical Spitz tumours abrogate 

some of these fail-safe mechanisms by gaining additional genomic aberrations so that the 
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cells may continue to grow or to survive in distant organs, such as the lymph nodes. For 

example, aberrations of CDKN2A, CDK4, or CCND1 undermine the cell-cycle arrest, and 

TERT promoter mutations may prevent telomere shortening, and consequently senescence. 

The acquisition of these aberrations is reflected by an increase of cytological and 

histological atypia. Spitzoid melanomas acquire even more genetic and epigenetic 

aberrations, which may activate additional oncogenic pathways, affect the chromatin 

landscape, or reduce cell differentiation, so that the neoplastic cells may colonise and 

replace the infiltrated organs.
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Fig. 10. 
Array comparative genomic hybridisation (aCGH) as an ancillary diagnostic tool in 

evaluating Spitz tumours. The aCGH profile of atypical Spitz tumours usually shows more 

genomic aberrations than of Spitz naevi, but not as many as spitzoid melanoma. (A) The 

aCGH profile of benign Spitz naevi shows usually a flat line indicating no chromosomal 

gains or losses (here the profile of the X- and Y-chromosome indicates that the tumour is 

from a female patient: 2 X-chromosomes, no Y-chromosome). (B) Atypical Spitz tumours at 

the benign end of the biological spectrum show mild histological atypia, and usually no 

more than gains or losses of one or two chromosomes or chromosome arms (here loss of the 

entire chromosome 3). (C) Atypical Spitz tumours at the malignant end of the biological 

spectrum show a considerable amount of histological atypia, including anisonucleosis and 

pleomorphism. In aCGH, gains and losses of several chromosome parts can be observed 

(here loss of the entire chromosome 6, a gain on the long arm of chromosome 7, a small loss 

and a larger gain on chromosome 10). (D) Spitzoid melanoma shows severe histological 

atypia, pleomorphism, and numerous, atypical mitoses; aCGH shows numerous 

chromosomal aberrations (here loss of parts of chromosome 1, 3, 6, 15, and loss of the entire 

chromosome 9 and 22).
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Fig. 11. 
Fluorescence in situ hybridisation (FISH) as ancillary diagnostic tool for ambiguous 

melanocytic tumours. Melanoma FISH assays are often based on 4 probes, which are 

labelled with 4 different fluorescent dyes (red, green, orange, aqua) and bind to 4 specific 

chromosomal regions. (A) In normal cells without chromosomal gains and losses 2 signals 

of each probe are detected. (B) In cells with chromosomal aberrations, which affect the 

FISH probe-binding regions, losses or gains of the FISH signals can be observed (here 4 

aqua, 3 green, and 1 red and orange signal). (C) FISH of a melanoma showing several cell 

nuclei with a varying number of FISH probes indicating chromosomal aberrations and 

chromosomal instability. (D) Binding sites of the original 4 FISH probes described by 

Gerami et al.: RREB1 (6p25), MYB (6q23), CCND1 (11q13) genes and of centromere 6. 

This aCGH profile of an AST shows loss of chromosome arm 9p, which would not be 

detected by FISH. (E) Modified and commercially used assay with FISH probes for RREB1 
(6p25), MYC (8q24), CDKN2A (9p21), centromere 9 (CEP 9) and CCND1 (11q13). The 

corresponding aCGH profile detects several chromosomal aberrations involving 

chromosome 1, 3, 7, 9, 13, 18, 19, all of which would be missed by FISH. These examples 

illustrate that melanoma FISH has major blind spots. On the other hand, the detection of a 

chromosomal aberration by FISH does not prove that the tumour is malignant (see Fig. 9). 

Consequently, FISH is not very helpful in the diagnosis of ASTs.
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Fig. 12. 
Integrated molecular diagnostics with targeted next-generation sequencing for ambiguous 

melanocytic tumours. The tumour metastasised to the regional lymph nodes. (A) 

Predominantly intradermal melanocytic tumour with large nests and prominent desmoplasia. 

(B) Large, epithelioid melanocytes with vesicular chromatin and prominent nucleoli between 

collagen bundles; mitosis. (C) A targeted next-generation sequencing assay, termed MSK-

IMPACT, reveals a loss of chromosome 1p, and partial gains on chromosome 1q and 11p, 

which is characteristic for desmoplastic Spitz tumours. The log2 ratio was calculated across 

all targeted regions by comparing the coverage in tumour versus matched normal DNA. (D) 

Mutational profiling of 341 genes revealed 5 somatically acquired mutations, including an 

activating HRASQ61K mutation, which is in line with the 11p gain, and a non-frameshift 

insertion of 6 nucleotides in exon 1 of ARID1B. The 3 missense mutations exchange a 

single amino acid in the genes NSD1, FLT1, and CHEK2. These mutations are of uncertain 

functional significance and need further evaluation.
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