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Skin structures

SUBCUTIS

EPIDERMIS

DERMIS

SUBCUTIS

Benign, Intermediate, Malignant

Melanocytes
Pigmented spindle cell nevus, Conjunctival nevi

(Myo-/Histio-)Fibroblasts
Dermatomyofibroma, Myxoinflammatory fibroblastic 
sarcoma, Plexiform fibroblastic tumour

Hair follicle
Pilomatricoma, Melanocytic matricoma, Trichoblastoma, 

Trichoepithelioma, Trichilemmoma, Trichofolliculoma, 
Trichoadenoma, Pilomatrix carcinoma, Proliferating pilar tumour, 

Trichoblastic carcinoma, Trichilemmal carcinoma

Smooth muscle
Cutaneous leiomyoma, Cutaneous leiomyosarcoma 

Sebaceous gland
Sebaceous adenoma, Sebaceoma, Sebaceous carcinoma

Apocrine and Eccrine sweat glands
Poroma, Syringoma, Hidradenoma, Mixed tumour, Myoepithelioma, 
Syringocystadenoma papilliferum, Hidradenoma papilliferum, Tubular apocrine 
adenoma, Porocarcinoma, Microcystic adnexal carcinoma, Endocrine mucin-producing 
sweat gland carcinoma, Digital papillary adenocarcinoma, Squamoid eccrine ductal 
carcinoma, Eccrine ductal carcinoma, Malignant mixed tumour, Malignant 
myoepithelioma, Hidradenocarcinoma, Mucinous carcinoma, Apocrine carcinoma, 
Cribriform carcinoma, Polymorphous sweat gland carcinoma

Arteriole
Venule

Nerve (& neuroectoderm)
Solitary Circumscribed Neuroma, Perineurioma, Epithelioid schwannoma, 

Epithelioid MPNST, Cellular neurothecoma, Cutaneous Ewing sarcoma

Adipose tissue
Spindle cell/pleomorphic lipoma, Pleomorphic Liposarcoma

Striated Muscle Rhabdomyosarcoma

Cutaneous myxoma, Non neural dermal granular cell tumour, 
Superficial acral fibromyxoma, Extramammary Paget disease

Glomus tumour, Angioleiomyoma, Myopericytoma, Myofibroma, Epithelioid Angiomatous 
Nodule, Microvenular/Hobnail/Glomeruloid/Spindle cell/Tufted Hemangioma, Atypical 

Vascular Lesion, Kaposiform/Retiniform hemangioendothelioma, Cutaneous (epithelioid) 
angiosarcoma, Malignant glomus tumour

Other

70 tumour types

→ 50 tumours/germline pairs per type exome/transcriptome

→ Capture images of each case resource for machine learning & teaching

→ Data release to the community
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ALPK1 hotspot mutation as a driver of human 
spiradenoma and spiradenocarcinoma



Well demarcated and encapsulated solitary nodule

Intensely basophilic 

In the dermis or subcutis

Dilated blood and lymphatic vessels + lymphs

Spiradenoma

sweat gland-derived



Spiradenoma

Two cell types – clear and dark

Clear cells (centre). Dark cells (peripheral)

Ductal differentiation



Low-grade spiradenocarcinoma

Easily mistaken for spiradenoma

Loss of dual population

Monotonous epithelial cells

Mild-moderate atypia

van der Horst M. et al, Modern Pathology 2015



High-grade spiradenocarcinoma

Cytological atypia



Mutational ProfileN=52 tumours
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TIFAsome

NFkB activation



Mutually exclusive genetic interactions and 
gene essentiality shape the genomic landscape 
of primary melanoma



< 1 mm

< 1mm

Whiteman DC et al, J Invest Dermatol 2015

Primary Melanoma



Asymmetrical melanocytic proliferation



Vertical growth phase



Mutational Profile

dN/dScv



Mutual exclusive genetic interaction
DISCOVER ANALYSIS

RAS

BRAF

MERK

ERK

KIT

NF1

Cyclin D1

CDK4 p16

RB

CDKN2a

PRDM2

Canisius et al., Genome Biology. 2016



Genome-wide CRISPR Screening 



Melanoma essential genes in copy 
number amplified regions

IRF4 inhibitor in use in myeloma



Molecular profiling of acral lentiginous melanoma in 
Mexican patients



Incidence of melanoma subtypes

Ossio R et al, Nature Reviews Cancer 2017

Acral lentiginous
Nodular

Superficial spreading
Mucosal

Lentigo maligna melanoma
Others



Acral in the nail apparatus 



Mutational Profile
BRAF – 16% NRAS – 13%KIT – 14%

Alterations200
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Tumour type
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Ulceration

Tumour site
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Stage

0
80

Sample

N=97 tumoursN=97 tumours

Broit N. et al. PCMR 2021 (N=181 tumours)

   → BRAF 21%
 NRAS 14%
 KIT 9%

   → TYRP1 10%



Copy Number Profile

N=47 tumours

Newell F. et al. Nat Comm 2020

N=83 tumours



n=61 patients

AM001 AM003 AM004 AM015 AM021a

n=73 samples
66 BR + 7 MX

PDX cohort
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PATIENT AM-PDX – X1

AM
004

AM
022a

AM
021a

AM
007

CRISPR Screen

Drug Screen

-> in vivo modelling



Can we use cross-species approaches to define new drivers/
explore the biology of the disease?

Mucosal melanoma



Tumour group
Coat phenotype
ASIP 11bp del.

Human
 (n=46)

 Canine
 (n=65)

Equine 
Mucosal-like/

Mucocutaneous
(n=28)

All other tumours
(n=34)

38 242 222 60
* ** *

*

*

‡

‡

†

†

†

†

**

Human

Canine

Equine

* UV mutational signature 
present

Comparative genomics of mucosal melanoma 



Mutational landscape of sebaceous tumours



By courtesy Dr D. Franck

Sebaceous Adenoma

Well circumscribed,
Symmetrical

Multifocal epidermal
connections



Sebaceoma

Multi-nodular

Basaloid



Sebaceous carcinoma

Extra-ocular &

Peri-ocular.

By courtesy Dr A. Leonard



Clinical details
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Somatic mutations
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Somatic mutations

Sebaceous Adenoma                                                                       Sebaceoma                            Extra-ocular SC                     Ocular SC

NOTCH1-RREB1                 NOTCH1        RREB1   HRAS    None         NOTCH1-RREB1         NOTCH1               HRAS        None                               NOTCH1                                                  TP53                      
                                                                                                                             RREB1                 CCDC168              NOTCH1-RREB1
  



Sebaceous skin tumours
Oil gland
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No variants in CDKN2A

Variant of uncertain significance (VUS) in CDK4

How do you respond?

Understanding cancer predisposing gene variants at scale



Variants of Uncertain Significance (VUS)

VUS
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MAVE: Multiplex Assay of Variant Effect

A → C
        T
        G 

Val → Ala
           Cys
           Pro

Phenotype



Benign variant
(non-disruptive)

Pathogenic variant
(disruptive)

Saturation Genome Editing

Modification of the endogenous locus





BAP1: BRCA-associated Protein-1



BAP1

Proteins

Ubiquitin

Ubiquitin

Proteins



Patients Non-Patients 

Genome Sequencing

Comparative 
Variant Analysis 

Statistics  

…….. etc. …….. etc.

Pathogenic
VUS

1,977 cases 784 controls

Melanoma case-control

O’Shea & Robles-Espinoza et al., 2017



A total of 30 variants were identified

Analysis of BAP1 in a population ascertained cohort
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SA: intron 3-4

R728H

E406A

Figure 1
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T613A
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E406K



Enormous challenge for clinical management

Downloaded Oct22

ClinVar

Conflicting interpretations  69
Benign          45
Likely benign       632
Uncertain significance    868
Likely pathogenic      53
Pathogenic        173



Stomach MM Stomach

? Site
<49

MM 66
(x2)
BCC's

Kidney
<46

NHL

Family with Serine 98 to Arginine (S98R) variant

BAP1: S98R. A clinical example



N"terminus+

C"terminus+

His.dine+(H)+
BAP1:&&R114H&
UCHL5:&&E113H&

Arginine+(R)+
BAP1:&&S98R&
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Cataly.c+Triad+of+UCHL5&shown&in&mesh:&
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His164&

Asp179&

Amino acid position 98

Human
Mouse
Cow
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Elephant

Frog

Figure 2

Amino acid position 98

BAP1: S98R. A clinical example



Multi-nucleated melanocytes 

Intranuclear pseudoinclusions

BAP1-associated histopathology



No:
Multi-nucleated melanocytes 

No:
Intranuclear pseudoinclusions

BAP1: S98R. A clinical example



Function base-by-base



Variant change between Day 4 and Day 21

Results

Disruptive

Benign

Day 4

Day 21

GB00BF93W
F3

6

SGE of BAP1

F93WF36GB00BF93W
F3

6F93WF
36

Exonic region







• AGC[S98]> AGA[R] & AGC[S98]> AGG[R] show strong depletion – concordant missense change
• synonymous change of AGC[S98] > AGT[S] does not deplete significantly

S98R is depleted in SGE assay, consistent with HA-Ub-VME assay
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BAP1 enzyme activity (HA-Ub-VME) 
seems directly linked to viability (SGE 
assay)

Disruptive

Benign

BAP1: A clinical example



•10-15% (1 in 20 patients) of all melanoma patients 
have familial melanoma 

Familial melanoma 

Potrony, M. et.al. (2015) Ann Transl Med.
Wong, K. et al. (2019) JAMA dermatology.
Image:  Rogers, H.W. et al. (2006) Arch 
Dermatol. 

• Melanoma predisposition genes
Ø <10 predisposition genes known 
Ø Patients & relatives at risk may lack indication for genetic 

counselling 

• POT1-associated germline mutations à
increased risk for familial melanoma 



SGE - Dropout of different variant types



VUS: Y89C LogFC: -
0.85

VUS: Q94E LogFC: -
1.3

VUS: R137H LogFC: -
0.91

VUS: R117C LogFC: -1

SGE Data Exon 4 (OB2 domain) – 
Change in cell death day 4 vs day 21 



The VUS problem across cancer predisposition genes

https://www.varianteffect.org/Greg Findlay   Clare Turnbull
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