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ABSTRACT

Precision dermatology uses individualized der-
matologic disease-directed targeted therapy
(D3T2) for the management of dermatoses and
for the evaluation and therapy of cutaneous
malignancies. Personalized/precision strategies
are based on biomarkers that are most fre-
quently derived from tissue transcriptomic
expression or genomic sequencing or from cir-
culating cytokines. For instance, the pathologic
diagnosis of a pigmented lesion and determin-
ing the prognosis of a malignant melanocytic
neoplasm can be enhanced by genomic/tran-
scriptomic analysis. In addition to biopsy,
innovative techniques have been developed for

obtaining transcriptomes in skin conditions; as
an example, patches can be applied to a psori-
asis plaque for a few minutes to capture the
epidermis/upper dermis transcriptome. Atopic
dermatitis and prurigo nodularis may also be
candidate conditions for precision dermatology.
Precision dermatology has a role in managing
melanoma and nonmelanoma skin cancers and
rare cutaneous tumors—such as perivascular
epithelioid cell tumor (PEComa)—that can
originate in or metastasize to the skin. For
instance, advanced/metastatic basal cell carci-
nomas can be treated with Hedgehog inhibitors
(vismodegib and sonidegib) targeting the
smoothened (SMO) or patched 1 (PTCH1) gene
alterations that are a hallmark of these cancers
and activate the Hedgehog pathway. Advanced/
metastatic basal and cutaneous squamous cell
cancers often have a high tumor mutational
burden (which predicts immunotherapy
response); immune checkpoint blockade with
cemiplimab, a programmed cell death protein 1
(PD1) inhibitor, is now approved for these
malignancies. Gene expression profiling of pri-
mary cutaneous squamous cell carcinoma can
identify those individuals at high risk for sub-
sequent metastases. In the realm of rare neo-
plasms, PEComas—which can originate in the
skin, albeit uncommonly—have tuberous scle-
rosis complex 1 (TSC1)/tuberous sclerosis com-
plex 2 (TSC2) gene alterations, which activate
mammalian target of rapamycin (mTOR) sig-
naling, and can be suppressed by nab-sirolimus,
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now approved for this condition. In summary,
precision dermatologic techniques/strategies
are an important emerging approach for evalu-
ation and management of skin disorders and
cutaneous neoplasms, and may serve as a para-
digm for the application of precision medicine
beyond dermatology.

Keywords: Atopic dermatitis; Basal cell
carcinoma; Melanoma; Precision dermatology;
Perivascular epithelioid cell tumor; Precision
medicine; Prurigo nodularis; Psoriasis;
Squamous cell carcinoma; Targeted therapy

Key Summary Points

Precision dermatology incorporates
individualized dermatologic disease-
directed targeted therapy (D3T2) for the
management of dermatoses and includes
important applications in the evaluation,
diagnosis, prognosis, and therapy of
patients with cutaneous malignancies.

Patient-focused specific therapy is based
on either biomarker profiles (derived from
disease-related skin lesions or plasma) or
genomic profiling of the tumor.

Precision dermatology can be used to
determine effective agents for patients
with dermatoses such as psoriasis, atopic
dermatitis, and prurigo nodularis.

Precision dermatology can be used to
evaluate the diagnosis and/or determine
the treatment of not only melanoma and
nonmelanoma [such as basal cell
carcinoma (BCC) and squamous cell
carcinoma (SCC)] cutaneous
malignancies, but also rare cancers that
originate or metastasize to the skin, such
as perivascular epithelioid cell tumor
(PEComa).

Precision dermatology is the next
therapeutic frontier for the treatment of
patients with dermatologic conditions.

INTRODUCTION

Precision medicine utilizes specific molecular
biomarkers to assess a single individual’s con-
dition or neoplasm, so that a precise—and,
optimally, most effective—treatment for that
person with disease-directed drugs or tumor-
targeted agents can be determined [1–3]. Dis-
ease-directed antibiotic therapy is used to
manage patients with infectious conditions
[4–9]. Similarly, matched targeted therapy is
used to treat cancers [10–14]. Precision medi-
cine may also take into account environment
and lifestyle. In this review, we will focus on
precision dermatology based on molecular
biomarkers.

Dermatologic disease-directed targeted ther-
apy (referred to herein as D3T2 or precision
dermatology) can be used to predict which
drug(s) will be optimal for the management of
an individual with a specific cutaneous condi-
tion or cancer. Herein, we discuss illustrative
examples in which precision dermatology has
been applied: dermatoses (such as psoriasis,
atopic dermatitis, and prurigo nodularis), cuta-
neous malignancies [such as basal cell carci-
noma (BCC), squamous cell carcinoma (SCC),
and melanoma], and rare cancers, such as
perivascular epithelioid cell tumor (PEComa)
that can originate in the skin.

METHODS

The Medline database was searched for terms
using PubMed. The terms included ‘‘atopic der-
matitis,’’ ‘‘BCC,’’ ‘‘dermatology,’’ ‘‘melanoma,’’
‘‘oncology,’’ ‘‘personalized treatment,’’ ‘‘preci-
sion,’’ ‘‘precision dermatology,’’ ‘‘PEComa,’’
‘‘perivascular epithelioid cell tumor,’’ ‘‘precision
medicine,’’ ‘‘pruritus,’’ ‘‘prurigo nodularis,’’
‘‘psoriasis,’’ ‘‘rare,’’ ‘‘rare tumor,’’ ‘‘SCC,’’ ‘‘tar-
geted therapy,’’ and ‘‘treatment,’’ and works that
were considered relevant were used as the basis
for this narrative review.
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Compliance with Ethics Guidelines

This article is based on previously conducted
studies and does not contain any new studies
with humans or animals.

DISCUSSION

Precision dermatology—the application of pre-
cision medicine using molecular markers,
including transcriptomic assessment, to der-
matologic conditions and cancers—is being
used for the management of psoriasis; poten-
tially, the same learning-based transcriptomic
type test could be applicable in atopic dermati-
tis. Targeted therapy chosen based on plasma
cytokine biomarker profiles may be effective in
prurigo nodularis. Precision dermatology (ge-
nomic/transcriptomic) is being exploited for the
evaluation and/or management of melanoma
and nonmelanoma skin cancers (such as BCC
and SCC). Finally, genomics has identified pre-
cisely targeted new treatments for rare cuta-
neous tumors, such as PEComas.

Psoriasis

Psoriasis is a T helper type 1 (Th1)-cell-mediated
and Th17-cell-mediated inflammatory papu-
losquamous condition which may be associated
with arthritis and other comorbidities. Numer-
ous topical therapies, such as corticosteroids,
retinoids, salicylic acid, tar, and vitamin D are
available for individuals with limited disease;
recently, tapinarof (an aryl hydrocarbon recep-
tor agonist) and roflumilast [a phosphodi-
esterase 4 (PDE4) inhibitor] have been approved
for topical use. In addition, phototherapy, pri-
marily using narrow-band (322 nm) ultraviolet
B light or broad-band (290 to 320 nm) ultravi-
olet B light or using psoralen and ultraviolet A
(320 to 400 nm) light, is also a treatment
modality. Systemic anti-metabolites (such as
methotrexate), cyclosporin, and retinoids (such
as acitretin) are also available. Other systemic
therapies such as apremilast (a PDE4 inhibitor),
tumor necrosis factor (TNF)-alpha inhibitors,
and other biologic agents that block

interleukins (ILs) (such as inhibitors of IL-17, IL-
23, and IL-12/23) are utilized for patients with
more extensive psoriasis; in addition, Janus
kinase (JAK) inhibitors (tofacitinib and upadac-
itinib) have recently been added to the phar-
macologic armamentarium for psoriatic
arthritis [15–20].

Currently, one of the factors that strongly
influences the selection of systemic therapies
for psoriasis is financial coverage of the medi-
cation by the patient’s insurance company.
Many patients must fail to respond to or not be
eligible for methotrexate therapy prior to
receiving approval for other treatments; IL
inhibitors will often not be approved unless
TNF-alpha inhibitors have been unsuccessful.
Hence, the management of psoriasis patients is
often based on drug cost, and not necessarily
potential medication efficacy [21].

A machine-learning-based test for predicting
the response of psoriasis to biologic agents has
recently been developed; it uses transcriptomes
[ribonucleic acids (RNAs)] obtained from the
patient’s psoriasis plaques to predict treatment
response to IL-23 inhibitors, IL-17 inhibitors, or
TNF-alpha inhibitors. Patches were applied to
psoriasis plaques for 5 min and captured the
whole transcriptome from the epidermis and
upper dermis. The messenger ribonucleic acid
(mRNA) was extracted from the patch and next-
generation sequencing was used to analyze the
transcriptome; patient psoriasis area and sever-
ity index (PASI) scores were also recorded at
baseline and at weeks 12 and 16 after drug
exposure. The clinical results from treatment
and the transcriptomic information obtained
from the psoriasis lesions were used to develop a
machine-learning-based classifier for IL-23
inhibitors, IL-17 inhibitors, or TNF-alpha inhi-
bitors [22, 23].

The classifiers were subsequently validated as
an accurate predictor of the psoriasis patient’s
response to each of the classes of biologic ther-
apies. A study of 242 psoriasis patients was
performed; 118 patients were treated with an IL-
23 inhibitor, 79 patients were treated with an
IL-17 inhibitor, and 35 patients were treated
with a TNF-alpha inhibitor. The positive pre-
dictive values for IL-23 inhibitors, IL-17 inhibi-
tors, and TNF-alpha inhibitors were 93.1%,
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92.3%, and 85.7%, respectively (in contrast to
the response rates of about 66% to 86% to IL-23
inhibitors; 60–70% to IL-17 inhibitors, and
25–60% to TNF-alpha inhibitors seen in
patients; hence, precision dermatology based
on a machine-learning-based test that evaluates
baseline mRNA biomarkers can be used to select
the biologic drug therapy to which a psoriasis
patient is most likely to respond [20, 22–26].
Cost savings may be realized by giving the right
drugs to the right patient at the right time: the
sine qua non of precision medicine; in psoriasis,
these cost savings have been estimated to aver-
age $8492 per year when transcriptomics is used
to predict responders [21]. Future goals may be
to expand the machine learning for classifiers
that can also predictively assess the response to
PDE4 inhibitors and JAK inhibitors.

Atopic Dermatitis

Atopic dermatitis is predominantly a Th2-cell-
mediated inflammatory skin condition. In ato-
pic individuals, in addition to elevated
immunoglobulin E and eosinophilic responses,
the Th2 cytokines IL-4, IL-5, and IL-13 have a
pathogenic role; also, IL-31 participates in der-
matitis-associated pruritus. Non-immunologic
components in atopic dermatitis pathogenesis
include epidermal barrier dysfunction sec-
ondary to filaggrin deficiency and skin micro-
biome alterations [27–32].

The treatment of atopic dermatitis is sug-
gested based on the level of disease (mild,
moderate, or severe) and whether the therapy is
for an acute flare or maintenance. Numerous
topical therapies are available: corticosteroids,
calcineurin inhibitors (such as pimecrolimus
and tacrolimus), PDE4 inhibitors (such as cri-
saborole and roflumilast), and JAK inhibitors
(such as ruxolitinib). In addition, for more sev-
ere disease, phototherapy and systemic
immunosuppressants (such as azathioprine,
corticosteroids, cyclosporin, methotrexate, and
mycophenolate mofetil) are also available.
Dupilumab is another systemic therapy for
atopic dermatitis; it binds to the IL-4 receptor
alpha, inhibiting IL-4 and IL-13 signaling; in
addition, drugs targeting IL-13 have either

recently been approved (tralokinumab) or are
being evaluated in clinical trials (lebrikizumab).
Finally, oral JAK inhibitors (abrocitinib and
upadacitinib) are approved for atopic dermatitis
treatment in the United States [27–30, 33].

Researchers have suggested that stratification
of atopic dermatitis patients should be per-
formed. Categorization based upon biomarker
endotypes could differentiate newborn, chil-
dren, and adult atopic dermatitis patients into
groups characterized by different biochemical
forms of skin barrier dysfunction, immune
dysfunction, and microbial dysbiosis. There-
after, individualized therapy directed towards
the specific abnormalities that each patient
exhibits could be initiated [32].

In summary, atopic dermatitis has several
immunologic pathways that contribute to its
pathogenesis; hence, it should be an excellent
candidate for the application of precision der-
matology to provide targeted therapy for the
individual patient. Similar to psoriasis, a
machine-learning-based test could potentially
be developed to predict the response to topical
or systemic agents such as inhibitors of PDE4,
IL-4, IL-13, IL-31, and JAK [25, 32].

Prurigo Nodularis

Prurigo nodularis is a chronic inflammatory
dermatosis characterized by single or multiple
intensely pruritic, often symmetrically dis-
tributed, hyperkeratotic nodules; typically, they
are located on the extremities and trunk. Several
inflammatory and pruritic cytokines are ele-
vated in patients with prurigo nodularis: IL-4,
IL-13, and IL-31. Systemic—established and
investigational—treatment modalities used in
the management of this condition include a
calcineurin inhibitor (such as cyclosporine), an
IL-4 inhibitor (such as dipulimab), IL-31 inhi-
bitors [such as nemolizumab and the onco-
statin-M (OSM)-specific beta receptor
antagonist vixarelimab], immunosuppressants
(such as azathioprine, corticosteroids, and
methotrexate), JAK inhibitors (such as abroci-
tinib and tofacitinib), and receptor tyrosine
kinase (KIT) inhibitors [34, 35].
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Researchers were able to clinically identify
response predictors of pruritus resolution in
prurigo nodularis patients treated with dupilu-
mab (which inhibits IL-4 and IL-13 signaling).
Patients who experienced at least a 50%
decrease in itch within 8 weeks of treatment
were likely to eventually experience 100% res-
olution of their pruritus; however, those who
did not reach this therapeutic endpoint usually
did not respond to the medication. Also, a
therapeutic response to dupilumab took longer
to occur in prurigo nodularis with versus with-
out atopic dermatitis [36].

Other investigators evaluated circulating
plasma cytokines in patients with prurigo
nodularis and discovered two distinct groups of
patients: cluster 1 (consisting of fewer African
Americans, a noninflammatory plasma profile,
and a higher rate of myelopathy) and cluster 2
[consisting of more African Americans, an
inflammatory plasma profile with higher levels
of IL-1 alpha, IL-4, IL-5, IL-6, IL-10, IL-17A, IL-
22, IL-25, and interferon (IFN)-alpha, higher
itch scores, and lower quality-of-life scores].
Also, in comparison to Caucasian prurigo
nodularis patients, African American prurigo
nodularis patients had lower transferrin and
higher acute-phase reactants [such as C-reactive
protein (CRP) and erythrocyte sedimentation
rate (ESR)], eosinophils, and ferritin. The
investigators concluded that patients with
prurigo nodularis could be differentiated into
one of two groups—each characterized by dis-
tinctive demographic and clinical features—
based on the results of a plasma biomarker
profile evaluation [37].

Hence, it has been postulated that it may be
possible to establish individualized and specifi-
cally targeted treatments for prurigo nodularis
patients based upon their plasma cytokine pro-
files [35, 37]. Therefore, serologic evaluation—
with or without the additional observation of a
clinical drug challenge—may help to differen-
tiate subsets of prurigo nodularis patients and
predict optimal therapeutic interventions.
Indeed, similar methods of evaluation may
potentially be useful for other patients with
systemic conditions characterized by severe
pruritus, such as chronic renal failure or end-
stage liver disease.

Melanoma

Patients with earlier-stage melanoma have a
better 5-year survival rate than those with later-
stage disease. Herein, we will focus on advances
in molecular technology that can potentially
aid in the diagnosis and in evaluating the
prognosis of early-stage cutaneous melanomas
(with metastatic disease having been addressed
extensively in the oncology literature) [38–42].

Tests are commercially available that utilize
gene expression profiles (GEPs) to assist in sev-
eral areas: (i) the decision to biopsy a clinically
and/or dermatoscopically equivocal pigmented
lesion; (ii) the dermatopathologist’s final diag-
nosis when histologic features do not clearly
differentiate the lesion as being benign versus
malignant; and (iii) the determination of the
prognosis for patients with early-stage mela-
noma. Indeed, a melanoma GEP consensus-
based recommendation panel proposed appro-
priate use criteria for the integration of diag-
nostic and prognostic GEP assays into the
management of cutaneous melanoma [38–69].

2-GEP and 3-GEP Testing: Clinical Diagnosis
A noninvasive molecular test has been devel-
oped to provide additional information for
clinicians when deciding whether to biopsy a
pigmented lesion that is equivocal based on its
clinical appearance, dermatoscopic features, or
both. This pigmented lesion assay (PLA) ana-
lyzes the levels of RNA expression of two mel-
anoma-associated biomarker genes: long
intergenic non-protein coding RNA 518 (LINC)
(also referred to as LINC00518) and preferen-
tially expressed antigen in melanoma (PRAME).
The former is involved in melanoma prolifera-
tion as part of a cluster of regulatory RNA
molecules, and the latter interferes with retinoic
acid receptor (RAR) signaling, thereby promot-
ing tumor progression (Table 1) [43–47].

An adhesive patch is applied to the pig-
mented lesion; RNA-containing stratum cor-
neum that is adherent to the patch is collected
when the patch is removed. Quantitative
reverse-transcriptase polymerase chain reaction
(qRT-PCR) is used to both reverse transcribe the
RNA to deoxyribonucleic acid (DNA) and to
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Table 1 Pigmented lesion molecular testing gene expression profile genes

Test Discriminating genes Control genesa References

2-gene

expression

profile

2 genesb: LINC, PRAME None [43–47]

3-gene

expression

profile

3 genesc: LINC, PRAME, TERT None [48, 49]

10-gene

expression

profile

8 genesd: CXCL8, GDF15, ITGB3, LOXL4, MLANA, PLAT, SERPINE2, TGFBR1 2 genese: B-actin, RLP0 [42, 61]

23-gene

expression

profile

14 genesf: CCL5, CD38, CXCL9, CXCL10, IRF1, LCP2, PI3, PRAME, PTPRC,

S100A7, S100A8, S100A9, S100A12, and SELL

9 genesg: CLTC, MRFAP1, PPP2CA, PSMA1,

RPL8, RPL13A, RPS29, SLC25A3, and

TXNL1

[50–58]

31-gene

expression

profile

28 genesh: ARG1, AQP3, BAP1 (two gene loci: both the 3’ and 5’ ends), BTG1, CLCA2,

CRABP2, CST6, CXCL14, DSC1, EIF1B, GJA1, ID2, KRT6B, KRT14, LTA4H,

MGP, PPL, RBM23, ROBO1, S100A8, S100A9, SAP130, SPP1, SPRR1B, TACSTD2,

TRIM29, and TYRP1

3 genesi: FXR1, HNRNPL, and YKT6 [62–69]

35-gene

expression

profile

32 genesj: ABLIM1, ANXA8L1, ATP6V0E2, BAP1, BCL2A1, BTG1, CLCA2, CST6,

CSTA, CXCL14, DCT, DSP, DUSP4, GATA3, GJA1, GPR143, HAL, KLF5, KRT2,

KRT17, MGP, NES, PPL, PTN, RPL37A, RPS16, S100A8, S100A9, SAP130, SFN,

TP63, and WIPI1

3 genesi: FXR1, HNRNPL, and YKT6 [59, 60]

aControl genes are also referred to as housekeeping genes
bGene symbol and gene title: LINC (also referred to as LINC00518) long intergenic non-protein coding RNA 518, PRAME preferentially expressed antigen in melanoma
cGene symbol and gene title: LINC (also referred to as LINC00518) long intergenic non-protein coding RNA 518, PRAME preferentially expressed antigen in melanoma,

TERT telomerase reverse transcriptase
dGene symbol and gene title: CXCL8 CXC motif chemokine ligand 8, GDF15 growth differentiation factor 15, ITGB3 integrin subunit beta 3, LOXL4 lysyl oxidase-like 4,

MLANA Melan-A; melanoma antigen recognized by T cell 1, MART1, PLAT plasminogen activator, tissue type, SERPINE2 serpin family E member 2, TGFBR1 transforming

growth factor beta receptor 1
eGene symbol and gene title: B-actin beta actin, RLP0 ribosomal protein, large, P0
fGene symbol and gene title: CCL5 C–C motif chemokine ligand 5, CD38 cluster of differentiation; also known as cyclic ADP (adenine dinucleotide phosphate) ribose

hydroxylase, CXCL9 C-X-C motif chemokine ligand 9, CXCL10 C-X-C motif chemokine ligand 10, IRF1 interferon regulatory factor 1, LCP2 lysophosphatidyl choline 2, PI3

peptidase inhibitor 3, PRAME preferentially expressed antigen in melanoma, PTPRC protein tyrosine phosphatase receptor type C, S100A7 S100 calcium-binding protein A,

S100A8 S100 calcium-binding protein A8, S100A9 S100 calcium-binding protein A9, S100A12 S100 calcium-binding protein A12, SELL selectin L
gGene symbol and gene title: CLTC clathrin heavy chain, MRFAP1 Morf4 (mortality factor 4) family associated protein 1, PPP2CA protein phosphatase 2 catalytic subunit

alpha, PSMA1 proteasome 20S subunit alpha 1, RPL8 ribosomal protein L8, RPL13A ribosomal protein L13A, RPS29 ribosomal protein S29, SLC25A3 solute carrier family 25

member 3, TXNL1 thioredoxin-like 1
hGene symbol and gene title: ARG1 arginase 1, AQP3 aquaporin 3; Gill blood group, BAP1 BRCA1 (breast cancer gene 1)-associated protein-1, BTG1 B-cell translocation gene

1, antiproliferative, CLCA2 chloride channel accessory 2, CRABP2 cellular retinoic acid binding protein 2, CST6 cytostatin E/M, CXCL14 C-X-C motif chemokine ligand 14,

DSC1 desmocollin 1, EIF1B eukaryotic translation initiation factor 1B, GJA1 gap junction protein, alpha 1, 43 kDa, ID2 inhibitor of DNA (deoxyribonucleic acid) binding 2,

dominant negative helix-loop-helix protein, KRT6B keratin 6B, KRT14 keratin 14, LTA4H leukotriene A4 hydrolase, MGP matrix Gla protein, PPL periplakin, RBM23 RNA

(ribonucleic acid)-binding motif protein 23, ROBO1 roundabout, axon guidance receptor, homolog 1; Drosophila, S100A8 S100 calcium-binding protein A8, S100A9 S100

calcium-binding protein A9, SAP130 sin3A-associated protein, 130 kDa, SPP1 secreted phosphoprotein 1, SPRR1B small proline-rich protein 1B, TACSTD2 tumor-associated

calcium signal transducer 2, TRIM29 tripartite motif containing 29, TYRP1 tyrosinase-related protein 1
iGene symbol and gene title: FXR1 fragile X mental retardation syndrome-related protein 1, HNRNPL heterogeneous nuclear ribonucleoprotein L, YKT6 synaptobrevin

homolog YKT6
jGene symbol and gene title: ABLIM1 actin-binding LIM protein 1, ANXA8L1 annexin A8-like protein 1, ATP6V0E2 ATPase H ? transporting V0 subunit E2, BAP1

BRCA1 (breast cancer gene 1)-associated protein-1, BCL2A1 Bcl-2-related protein A, BTG1 B-cell translocation gene 1, antiproliferative, CLCA2 chloride channel accessory 2,

CST6 cytostatin E/M, CSTA cytostatin A, CXCL14 C-X-C motif chemokine ligand 14, DCT dopachrome tautomerase, DSP desmoplakin, DUSP4 dual specific protein

phosphatase 4, GATA3 GATA binding protein 3, GJA1 gap junction protein, alpha 1, 43 kDa, GPR143 G-protein coupled receptor 143, HAL histidine ammonia-lyase, KLF5

Kruppel-like factor 5, KRT2 keratin 2, KRT17 keratin, type I cytoskeletal 17, MGP matrix Gla protein, NES nestin, PPL periplakin, PTN pleiotrophin, RPL37A 60S ribosomal

protein L37a, RPS16 40S ribosomal protein S16, S100A8 S100 calcium-binding protein A8, S100A9 S100 calcium-binding protein A9, SAP130 sin3A-associated protein,

130 kDa, SFN 14–3-3 protein sigma, TP63 tumor protein P63, WIPI1 WD repeat domain phosphoinositide-interacting protein
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amplify the DNA in order to determine the level
of the specific gene expression being evaluated.
If LINC or PRAME or both genes are detected,
the PLA is reported as positive (and clinicians
are likely to biopsy the lesion); however, if
neither gene is present, the PLA is reported as
negative and clinicians might consider moni-
toring the lesion with periodic clinical evalua-
tion [43–47].

The sensitivity, specificity, and negative
predictive value of the PLA were 91–95%,
69–91%, and greater than 99%, respectively.
Additional evaluation was performed for
telomerase reverse transcriptase (TERT; a high-
risk DNA driver mutation commonly found in
early-stage melanoma) from the pigmented
lesion sample, and this was recently incorpo-
rated as an additional diagnostic test to enhance
the PLA’s sensitivity. The 3-GEP test (Table 1),
by combining DNA risk factors (TERT mutation
analysis) and melanoma-associated RNA gene
expression (LINC and/or PRAME detection),
increased the test sensitivity to rule out mela-
noma from 93 to 97% [48, 49].

23-GEP and 35-GEP Testing: Pathology
Diagnosis
There are circumstances when the diagnosis of
the pigmented lesion is histologically chal-
lenging for the dermatopathologist because the
lesion has equivocal features under light
microscopy. Noninvasive molecular tests have
been developed to provide additional informa-
tion for pathologists in their assessment of a
primary cutaneous melanocytic lesion for
which malignant potential is uncertain. One of
the tests assesses the expression of 23 genes to
determine whether the lesion is benign or
malignant; the genes, which are involved in cell
differentiation, cell–cell signaling, and immune
response, vary in a predictable manner between
nevi and malignant melanoma (Table 1)
[50–58].

Tissue from the biopsy specimen which has
been fixed in formalin and embedded in paraf-
fin is used for the test. RNA is extracted from the
processed biopsy specimen, and the expression
of the 23 genes is determined by qRT-PCR. A
numeric score (ranging from - 16.7 to 11.7) is
determined; the results are reported as benign

(with a numeric range from - 16.7 to - 2.1),
intermediate (with a numeric range from - 2.0
to - 0.1), or malignant (with a numeric range
from 0 to 11.1) [50–58].

The 23-GEP test has a sensitivity and speci-
ficity of 91.5 to 94.0% and 90.0 to 92.5%,
respectively. However, depending on the study,
the test resulted in an indeterminate (interme-
diate) diagnosis for 2.9 to 16.2% of the lesions.
Subsequently, a 35-GEP test was developed to
improve the classification of the pigmented
lesions that were diagnosed as intermediate
using the 23-GEP test [50–58].

The 35-GEP test is only recommended for
individuals 18 years of age or older, and classi-
fies the melanocytic lesion as either benign,
having an intermediate risk of malignancy, or
malignant (Table 1) [59, 60]. The sensitivity and
specificity (99.1% and 96.2%, respectively) of
the 35-GEP test are superior to those of the
23-GEP test. In addition, when the 35-GEP test
is used, only 3.5% of the pigmented lesions are
classified as indeterminate [59, 60].

10-GEP and 31-GEP Testing: Prognosis
Noninvasive molecular tests have been devel-
oped to provide prognostic information for the
patient who has been diagnosed with a mela-
noma. The 10-GEP test was used to identify
patients with primary cutaneous melanoma at
low risk for nodal metastases (Table 1) [42, 61].
The 31-GEP test is primarily useful for risk
stratification in patients with early-stage mela-
noma, where individuals who might benefit
from heightened surveillance and closer follow-
up (even though they may have previously been
designated as being low risk) are identified
(Table 1) [62–69].

Similar to the 23-GEP and 35-GEP tests, RNA
is extracted from the formalin-fixed, paraffin-
embedded tissue biopsy specimen in the 31-GEP
test; qRT-PCR is then used to quantify the
expression of the 31 genes and to classify the
lesion regarding risk for metastasis. There are
four categories: class 1A (0 to 0.41, lowest risk),
class 1B (0.42 to 0.49, low risk), class 2A (0.50 to
0.58, high risk), and class 2B (0.59 to 1, highest
risk). Hence, lesions that are either class 1B or
class 2A are considered to present increased
(or intermediate) risk [62–69].
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The 31-GEP test also provides the percentage
likelihood of sentinel lymph node biopsy posi-
tivity. For example, a 55-year-old patient with a
T1 tumor (Breslow depth of less than 1 mm) to
T2 tumor (Breslow depth of between 1 and
2 mm) and a 31-GEP class 1A result would have
a less than 5% risk of sentinel lymph node
positivity and a more than a 99% melanoma-
specific survival. However, there are no defini-
tive management recommendations regarding
sentinel lymph node biopsy when there is dis-
cordance between the tumor depth and 31-GEP
class result. In addition, the 31-GEP test results
are not currently incorporated in the staging
criteria of the American Joint Committee on
Cancer (AJCC) or the National Comprehensive
Cancer Network (NCCN) [62–69].

Basal Cell Carcinoma (BCC)

The most frequently occurring skin cancer is
BCC. Although some of these tumors may be
locally invasive, they can be successfully man-
aged using localized treatment such as a non-
surgical therapy (such as cryotherapy,
photodynamic therapy, radiation therapy, or
topical therapies including 5-fluorouracil and
imiquimod) or a surgical intervention (such as
curettage and desiccation, standard excision, or
Mohs micrographic surgery). In contrast, locally
advanced and metastatic BCCs are uncommon
and are not amenable to localized treatment
[70–72].

Most BCCs have a mutation in the Sonic
Hedgehog signaling pathway. Genomic alter-
ation of the transmembrane tumor suppressor

Fig. 1 Advanced basal cell carcinoma (BCC): clinical
presentation. Posterior (A) and lateral (B) views of the left
upper back of a 62-year-old man with an advanced BCC
without metastatic disease. The mass had been increasing
in size during the previous 13 months and presented as a

large (10 9 8 9 2.5 cm) exophytic tumor. The erythema
surrounding the tumor was caused by adhesive-bandage-
associated allergic contact dermatitis. Republished from
[73] with permission from Elsevier
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protein patched 1 (PTCH1), the receptor for the
Hedgehog protein, can activate the pathway by
releasing its inhibition of the smoothened
(SMO) proto-oncoprotein; also, albeit less com-
monly, mutations in SMO can result in pathway
activation. Once SMO is no longer inhibited,
downstream signaling continues, involving not
only suppressor of fused homolog (SUFU) but
also activation of the glioma-associated

oncogene (GLI) family of transcription factors
[72, 73].

Precision dermatology—targeted therapy
based on the tumor’s molecular profile—is
already being applied for the treatment of
advanced and metastatic BCCs. Vismodegib and
sonidegib are Hedgehog inhibitors that specifi-
cally target SMO. Indeed, they are approved by
the Food and Drug Administration (FDA) for the

Fig. 2 Advanced basal cell carcinoma (BCC): pathology
presentation. Lower (A) and higher (B) magnification
views of the microscopic examination of the advanced
BCC from the 62-year-old man’s left upper back show
nodular aggregates of basaloid tumor cells extending from
the overlying epidermis and invading the underlying
dermis. Next-generation sequencing of the tumor demon-
strated a high tumor mutational burden of 53 mutations
per megabase (10 or more mutations per megabase is

considered to be a high tumor mutational burden) and 11
deleterious genomic variants, including PTCH1 (splice site
1504-1G[T), ASXL1 Q760, INPP4B W521, KEL
R130Q, PIK3R1 R534, PTEN (splice site 210 2A[T),
RAC1 P29S, TERT promoter-124C[T, TP53 R196,
TP53 Q100, and WT1 C350R (hematoxylin and eosin:
A, 9 4; B, 9 20). Republished from [73] with permission
from Elsevier
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Fig. 3 Advanced basal cell carcinoma (BCC): complete
and sustained tumor clearance. Posterior (A) and lateral
(B) views of the left upper back of a 62-year-old man
demonstrates clearance of the advanced BCC. He concur-
rently received vismodegib and a total of four doses of
nivolumab; the latter was discontinued because of a skin
rash and recurrent transaminitis, and the former was

stopped after 8.5 months because of appetite loss. Multiple
skin biopsies confirmed complete and sustained remission
after 5 months of treatment. He has remained in complete
remission for 68.5 months (though therapy was
stopped * 60 months earlier). Republished from [73]
with permission from Elsevier

Fig. 4 Metastatic basal cell carcinoma (BCC) with liver
metastases in a 56-year-old man: liver biopsy. At age
54 years, a man developed a BCC on his left posterior
shoulder; the excised tumor recurred; the subsequent
positive postoperative margins were treated with radio-
therapy. Two years later, at 56 years old, an evaluation of
back pain demonstrated metastatic BCC; lower (A) and
higher (B) magnification views show aggregates of basaloid
tumor cells with large pleomorphic nuclei on the liver
biopsy tissue specimen. In addition to liver metastases, his
BCC had also metastasized to his axial skeleton and lungs.
The metastatic BCC was refractory not only to
chemotherapy (cisplatin and paclitaxel), but also Hedgehog
inhibitors (vismodegib and sonidegib; the latter had been

combined with buparlisib, a pan-class I PI3K inhibitor).
Next-generation sequencing of his liver metastasis showed
a tumor mutational burden of 103 mutations per megabase
and multiple genomic alterations including programmed
death ligand 1 (PD-L1) amplification. Based on these
results, which correlate with a better response to
immunotherapy, he was treated with the anti-programmed
death (anti-PD1) checkpoint inhibitor nivolimab and
achieved a near-complete remission of his widely meta-
static BCC within 4 months after starting therapy (hema-
toxylin and eosin: A, 9 10; B, 9 40). Within 1 year he
achieved complete remission, which has been durable for
over 6 years and is ongoing. Republished from [76] with
permission from Springer Nature
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management of advanced/metastatic BCCs
[73–75].

In addition to PTCH1 abnormalities, several
other genomic aberrations have been observed
that involve the SMO, SUFU, and tumor protein
(TP)53 genes. Indeed, in BCC patients whose
tumors are resistant to either vismodegib or
sonidegib, some of these gene mutations may in
the future be targetable [72, 75–77]. Other
agents can also theoretically be utilized in a
genomically targeted approach. For instance,

itraconazole inhibits the Hedgehog pathway at
the level of SMO. Arsenic trioxide inhibits GLI
transcriptional activity [74].

Advanced and metastatic BCCs have several
unique features. In particular, they often have
high tumor mutational burdens; there are also
case reports of programmed death-ligand 1 (PD-
L1) gene amplification [73–75]. These molecular
features sensitize to immune checkpoint block-
ade with programmed cell death protein 1
(PD1)/PD-L1 inhibitors. Therefore,

Fig. 5 New primary cutaneous superficial basal cell
carcinomas (BCCs) during successful nivolumab treatment
of widely metastatic BCC (including liver metastases) in a
58-year-old man: clinical lesions and pathology presenta-
tion of skin tumors. Distant (A) and closer (B, C) views of
new primary cutaneous BCCs that presented as erythe-
matous plaques on the left anterior shoulder (6 9 6 mm,
and labeled A with ink on his skin in images A and B) and
left chest (8 9 6 mm, and labeled B with ink on his skin
in images A and C) and developed 9 months after
nivolumab was initiated; this corresponded to 5 months
after achieving near-complete remission of his widely
metastatic BCC, when he was still receiving immunother-
apy treatment with the checkpoint inhibitor. Microscopic
examination of both skin biopsy tissue specimens showed
similar pathologic changes: superficial buds of basaloid
tumor cells extending from the epidermis into the papillary
dermis (which contained solar elastosis, small

telangiectasias, and a sparse lymphocytic inflammatory
infiltrate); in addition to palisading of the tumor
keratinocytes at the periphery of the carcinoma aggregates,
retraction of the surrounding dermal stroma resulted in
cleft formation (D). In contrast to the tissue specimen
from his liver biopsy, next-generation sequencing of the
new primary cutaneous superficial BCCs showed a tumor
mutational burden of 45 mutations per megabase and
fewer genomic alterations; in addition, it did not demon-
strate programmed death ligand 1 (PD-L1) amplification.
Both of the new primary cutaneous superficial BCCs were
treated with electrodessication and curettage; there was
complete healing of the skin cancer treatment sites without
tumor recurrence at an 8-month follow-up examination
(hematoxylin and eosin: D, 9 10). Republished from [77]
with permission from MDPI (Multidisciplinary Digital
Publishing Institute), Barcelona, Spain
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immunotherapy is also a treatment option for
patients with advanced and metastatic BCCs
[73, 75, 76, 78]. Currently, cemiplimab—a PD1
inhibitor—is the only FDA-approved
immunotherapy agent for Hedgehog inhibitor-
resistant advanced and metastatic BCCs
[74, 78, 79]. However, there are several reports
of other anti-PD1 agents (such as nivolumab or
pembrolizumab) that have been successfully
used to treat advanced (Figs. 1, 2, 3) or meta-
static (Fig. 4) BCCs, either as monotherapy or as
part of a combination utilizing both a Hedge-
hog inhibitor and an immunotherapy agent
[73, 75, 80, 81]. Immunotherapy is an especially
effective therapeutic intervention for advanced
and metastatic BCC patients with late disease

(characterized by many molecular alterations
and an increased tumor mutational burden), in
contrast to those individuals in which there are
fewer genomic aberrations and a lower tumor
mutational burden (Fig. 5) [76, 77].

Squamous Cell Carcinoma (SCC)

Cutaneous SCC has significantly increased in
incidence. Indeed, metastatic disease can
develop in individuals whose tumors have high-
risk factors. Once metastases develop, survival
rates drop [82–84].

Three staging systems have been proposed
for cutaneous SCC. The AJCC is limited to

Table 2 Squamous cell carcinoma molecular testing gene expression profile genes

Test Discriminating genes Control genesa References

40-gene

expression

profile

34 genesb: ACSBG1, ALOX12, APOBEC3G, ATP6V0E2,

BBC3, BHLHB9, CEP76, DUXAP9, GTPBP2, HDDC3,

ID2, LCE2B, LIME1, LOC100287896, LOC101927502,

MMP10, MRC1, MSANTD4, NFASC, NFIC, PDPN,

PI3, PLS3, RCHY1, RNF135, RPP38, RUNX3, SLC1A3,

SPP1, TAF6L, TFAP2B, ZNF48, ZNF496, and ZNF839

6 genesc: BAG6, FXR1,

KMT2C, KMT2D, MDM2,

MDM4

[85–92]

aControl genes are also referred to as housekeeping genes
bGene symbol and gene title: ACSBG1 acyl-CoA synthetase bubblegum family member 1, ALOX12 arachidonate
12-lipoxygenase, 12S type, APOBEC3G apolipoprotein B mRNA (messenger ribonucleic acid) editing enzyme, catalytic
subunit 3G, ATP6V0E2 ATPase (adenosine triphosphatase), H? transporting, lysosomal V0 subunit E2, BBC3 BCL2 (B-
cell lymphoma 2) binding component 3, BHLHB9 basix helix-loop-helix family member B9, CEP76 centrosomal protein
76, DUXAP9 double homeobox A pseudogene 9, GTPBP2 GTP (guanosine triphosphate) binding protein 2, HDDC3 HD
(histidine-aspartate) domain containing 3, ID2 inhibitor of DNA (deoxyribonucleic acid) binding 2, LCE2B late cornified
envelope 2B, LIME1 Lck (lymphocyte-specific protein tyrosine kinase) interacting tramsmembrane adaptor 1,
LOC100287896 uncharacterized, LOC101927502 TLE1-DT (transducing-like enhancer protein 1-divergent transcript),
MMP10 matrix metalloproteinase 10, MRC1 mannose receptor C-type 1, MSANTD4 Myb/SANT DNA (deoxyribonu-
cleic acid) binding domain containing 4 with coiled coils, NFASC neurofascin, NFIC nuclear factor 1 C-type, PDPN
podoplanin, PI3 peptidase inhibitor 3, PLS3 plastin 3, RCHY1 ring finger and CHY zinc finger domain containing 1,
RNF135 ring finger protein 135, RPP38 ribonuclease P/MRP subunit p38, RUNX3 runt-related transcription factor 3,
SLC1A3 solute carrier family 1 (glial high affinity glutamine transporter), member 3, SPP1 secreted phosphoprotein 1,
TAF6L TATA-box binding protein associated with factor 6 like, TFAP2B transcription factor AP-2 beta, ZNF48 zinc
finger protein 48, ZNF496 zinc finger protein 496, ZNF839 zinc finger protein 839
cGene symbol and gene title: BAG6 BAG (beta-galactosidase gene) cochaperone 6, FXR1 FMB1 (fragile X mental retar-
dation syndrome-related protein 1) autosomal homolog 1, KMT2C lysine methyl transferase 2C, KMT2D lysine methyl
transferase 2D, MDM2 mouse double minute 2 homolog (also known as E3 ubiquitin-protein ligase Mdm2), MDM4
MDM4 regulator of p53
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tumors of the head and neck; although it
includes all histologic subtypes of malignancy,
it primarily focuses on cutaneous SCC. The
Brigham and Woman’s Hospital (BWH) system
assesses outcome and provides prognostication
based upon whether specific clinical and
pathologic risk factors are present. The NCCN
provides clinical guidance for the treatment of
cutaneous SCC by stratifying the tumor as high
risk or low risk [82–84].

The BWH system categorizes tumors as either
T0 (in situ SCC), T1 (no risk factors), T2a (one
risk factor), T2b (two or three risk factors), or T3
(four risk factors or bone invasion). The clinical
risk factor is a tumor diameter of 2 cm or larger;
pathologic risk factors include a poorly differ-
entiated histology, perineural invasion, and
tumor invasion beyond the subcutaneous fat
(however, if there is bone invasion, the tumor is
categorized as T3). The NCCN stratification
incorporates additional clinical (such as loca-
tion, poorly defined or well-defined borders,
primary or recurrent, presence or absence of
immunosuppression, rapid or slow growth rate,
and presence or absence of neurologic symp-
toms) and pathologic (such as histologic sub-
type, depth, and lymphatic or vascular
involvement) tumor parameters to those inclu-
ded by the BWH system [82–84].

However, these clinicopathologic staging
systems have not only low sensitivity but also
low positive predictive value. For example,
some of the cutaneous SCC patients who were
initially classified as low risk developed meta-
static disease. In addition, other patients with
cutaneous SCC who are classified as high-risk do
not develop metastases [82–92].

A 40-GEP test has been developed to improve
identification of individuals with primary cuta-
neous SCC who have a high risk of subsequently
developing metastatic disease and to guide the
decisions made by physicians regarding the
possible performance of sentinel lymph node
biopsy, potential management (such as radia-
tion, chemotherapy, or immunotherapy), and
follow-up intervals (ranging from every 3 to 6 to
12 months). The test can be used for a cuta-
neous SCC patient with one or more risk factors
(Table 2) [82, 85–92]. Indeed, when it is used in
combination with traditional risk factors, the

result provides additional risk prediction of
metastasis and death for the patient [82–92].

The method for genomic evaluation of the
cutaneous SCC using the 40-GEP test is similar
to that used to evaluate melanocytic lesions.
RNA is extracted after macrodissection of the
cutaneous SCC tumor tissue (including tumor
stroma) from the formalin-fixed, paraffin-em-
bedded tissue biopsy specimen. Subsequently,
qRT-PCR is used to generate complementary
DNA so that the expression of the 40 genes can
be quantified and the tumor’s risk for metastasis
can be classified [82–92].

The biological risk of metastasis in a SCC
patient is classified as either low risk (class 1,
with a 93.9% 3-year metastasis-free survival),
moderate risk (class 2A, with an 80.5% 3-year
metastasis-free survival), or high risk (class 2B
with a 47.8% 3-year metastasis-free survival),
based only on the results of the 40-GEP test.
Overall, the risk of metastasis is less than half of
that for the general study population for class 1
patients. A risk of 20% aligns with that of high-
risk staging (BWH T2b and T3) for class 2A
patients, and a risk of greater than 50% for class
2B patients is significantly higher than the risk
of less than 7% for patients with class 1 results
[82–92].

The metastasis rate was also determined
when the result of the 40-GEP test in a patient
with primary cutaneous SCC was assessed in
combination with the additional history of
whether the patient had only one or more than
one associated high-risk factor (defined by
combining those used by the BWH and NCCN
staging systems); 60 of the 63 metastases (in the
cohort group of 420 patients) occurred within
3 years. The metastasis rate for primary cuta-
neous SCC patients with one high-risk factor
was 4%, 10.8%, and 60.0% for individuals clas-
sified as class 1, class 2A, and class 2B, respec-
tively. Also, the metastasis rate for primary
cutaneous SCC patients with two or more high-
risk factors was 9%, 25.0%, and 50.0% for
individuals classified as class 1, class 2A, and
class 2B, respectively [82–92].

Finally, like advanced basal cell carcinomas,
advanced cutaneous squamous cell carcinomas
may have high mutational burdens, a feature
that correlates with response to
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immunotherapy. The anti-PD1 agent cemi-
plimab is active in advanced cutaneous squa-
mous cell cancers and is FDA approved for this
indication [79, 93, 94].

Rare Cutaneous Tumors: Perivascular
Epithelioid Cutaneous Tumor (PEComa)

Rare visceral tumors provide a unique opportu-
nity for precision medicine utilizing genomi-
cally-based treatment. Similarly, the
management of rare cutaneous tumors may also

be optimized by incorporating precision der-
matology with cancer-directed therapy based
upon next-generation sequencing of the
malignant neoplasm [95].

PEComa is a rare tumor that is composed of
cells that demonstrate both melanocytic and
smooth muscle differentiation. Most PEComas
are systemic (originating from various visceral
organs or soft tissue) and predominantly occur
in women (with the female-to-male ratio rang-
ing from 4:1 to 7:1). Benign and malignant
variants of the tumor exist [96, 97].

Fig. 6 Primary malignant cutaneous perivascular epithe-
lioid cell tumor (PEComa): clinical presentation and
hematoxylin-and-eosin-stained pathology presentation. A
43-year-old man who had worked as a welder for several
years presented with a tumor of 5 months’ duration (that
had grown from a small, raised area to its current size over
a period of 3 months) on the extensor surface of his distal
left forearm just proximal to the wrist (A). The neoplasm
was a painless, flesh-colored, exophytic scaly nodule
measuring 10 9 10 9 5 mm, with a surrounding col-
larette of epithelium and central ulceration; the initial
clinical impression was a keratoacanthoma (a variant of
squamous cell carcinoma). Lower (B) and higher (C) mag-
nification views of the microscopic examination of the
excisional biopsy show ulceration of the epidermis, crust,

and a collarette of epithelium extending from the
epidermis into the dermis and surrounding a dermal
tumor predominantly consisting of epithelioid cells (most
with clear cytoplasm and some with foamy cytoplasm) and
numerous capillaries; in addition, spindle tumor cells are
present at the tumor periphery, and there are some
multinucleated tumor cells. The tumor is classified as
malignant based upon the presence of two high-risk,
worrisome features: increased mitotic activity (with three
mitoses per ten high-power fields) and scattered nuclear
pleomorphism (demonstrated by high-grade nuclear
atypia) (hematoxylin and eosin: B, 9 2; C, 9 20). Repub-
lished from [96] with permission from the University of
California, Davis Department of Dermatology, Sacra-
mento, California
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Cutaneous PEComa is extraordinarily rare;
only 67 patients have been described: 60 with
primary benign PEComa, 5 with primary
malignant PEComa, and 2 with skin metastases
from a malignant visceral PEComa. In contrast
to systemic PEComa, the female-to-male ratio
was only 2:1. The clinical presentation of a
cutaneous PEComa is most commonly an
asymptomatic, slowly enlarging nodule (Fig. 6).
Similar to systemic PEComa, cutaneous neo-
plasm consists of an admixture of tumor cells
(either epithelioid or spindle or both) and blood
vessels (Figs. 6, 7) [96, 98].

Next-generation sequencing of PEComas has
been performed in a small number of visceral

tumors [97, 99–102]. Analysis of the genomics
of 31 advanced or metastatic PEComas showed
a mean of 3.2 alterations per tumor. Mutually
exclusively occurring mammalian target of
rapamycin (mTOR) pathway gene abnormali-
ties—based on next-generation sequencing—
were observed in 20 of the 31 patients; the
altered genes (in order of decreasing frequency)
were tuberous sclerosis complex 2 (TSC2),
transcription factor binding to immunoglobu-
lin heavy contrast Mu (IGHM) enhancer 3
(TFE3) fusions, tuberous sclerosis complex 1
(TSC1), and folliculin (FLCN) (Table 3) [102].

Next-generation sequencing of cutaneous
PEComa has only been reported, to our

Fig. 7 Primary malignant cutaneous perivascular epithe-
lioid cell tumor (PEComa): pathology presentation of
smooth muscle and melanocyte markers using immunoper-
oxidase stain. The tumor cells show strong and diffuse
staining with the smooth muscle marker caldesmon
(A) and the melanocytic marker microphthalmia tran-
scription factor (MiTF) (B); however, the melanocytic
marker human melanoma black 45 (HMB45) shows weak
and diffuse staining (C). Genomic analysis of the man’s
blood showed a Fanconi anemia complementation group
C (FANCC) germline mutation. Next-generation sequenc-
ing of his tumor showed four actionable pathogenic
aberrations: baculoviral IAP (inhibitor of apoptosis) repeat

containing 3 (BIRC3) splice site 1622-27_1631del37,
FANCC R185*, tumor protein 53 (TP53) R248W, and
tuberous sclerosis complex 1 (TSC1) T4151. His systemic
workup was negative for metastases and a wide local
excision of the tumor site was performed. There had been
no recurrence or metastasis of the tumor after 15 months
of follow-up; however, if the tumor was to recur or
metastasize, based on the genomic profile of his PEComa,
sirolimus would be considered for first-line therapy
(caldesmon: A, 9 20; MiTF: B, 9 20; HMB45:
C, 9 20). Republished from [96] with permission from
the University of California, Davis Department of Der-
matology, Sacramento, California
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knowledge, in two individuals. The first patient
was included in the summarized results of 31
patients with advanced or metastatic PEComa
[102]. The second patient was a 43-year-old man
with a primary cutaneous malignant PEComa
on his left upper extremity and with four
pathogenic aberrations in genes, as follows:
baculoviral inhibitor of apoptosis (IAP) repeat
containing 3 (BIRC3), Fanconi anemia comple-
mentation group C (FANCC), TP53, and TSC1
(Figs. 6, 7) [96]. His tumor had been removed
during the biopsy; subsequently, a wide local
excision of the site was performed. There had
been no recurrence or metastasis of the tumor
after 15 months of follow-up; however, if his

tumor was to recur or metastasize, based on the
genomic profile of his PEComa, nab-sirolimus
[an mTOR inhibitor, with mTOR being acti-
vated in patients with tuberous sclerosis com-
plex (TSC) alterations] would be considered for
first-line therapy [96].

On November 23, 2021, the FDA approved
the mTOR inhibitor nab-sirolimus (nanoparticle
albumin-bound sirolimus) for the treatment of
PEComas [99, 103]. The mTOR pathway is
activated by alterations in a variety of genes,
including TSC1 and TSC2; PEComa patients
with a genomic aberration of TSC2 may respond
better to sirolimus-type therapy than those with
a gene abnormality of TSC1 [97, 104]. In

Table 3 mTOR-pathway-related molecular alterations association with PEComas

Altered
gene

Percent of patients with PEComa
with altered genea (%)

Number of patients with
PEComa with altered genea

Pathway
activated

Drugs with an
impact on target

TSC2 32.3 10 mTOR Sirolimus

(rapamycin)

Everolimus

Temsirolimus

TSC1 9.6 3 mTOR Sirolimus

(rapamycin)

Everolimus

Temsirolimus

TFE3

fusions

16.1 5 Unclear None known

FLCN 6.4 2 Unclear None known

All of the 31 PEComas analyzed for molecular alterations using next-generation sequencing were advanced or metastatic;
only one of the tumors was from the skin
Other commonly observed genomic alterations were TP53 (45.2%, 14 patients), RB1 (25.8%, eight patients), CDKN2A
(19.3%, six patients), ATRX (9.6%, three patients), CD36 (6.4%, two patients), NF1 (6.4%, two patients), and SMARCB1
(6.4%, two patients)
ATRX alpha-thalassemia/mental retardation, X-linked, CD36 cluster of differentiation (also known as platelet glycoprotein
4), CDKN2A cyclin-dependent kinase inhibitor 2A, FLCN folliculin, mTOR mammalian target of rapamycin, NF1
neurofibromatosis type 1, PEComa perivascular epithelioid cell tumor, TFE3 transcription factor binding to
immunoglobulin heavy contrast Mu (IGHM) enhancer 3, RB1 retinoblastoma 1, SMARCB1 SWI/SNF-related, matrix-
associated, actin-dependent regulator of chromatin, subfamily B, member 1, TP53 tumor protein 53, TSC1 tuberous
sclerosis complex 1, TSC2 tuberous sclerosis complex 2
aThe alterations in TSC2, TSC1, TFE3, and FLCN all occurred in a mutually exclusive fashion
Republished from [96] with permission from the University of California, Davis Department of Dermatology, Sacramento,
California
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addition to sirolimus-type monotherapy, con-
current palliative radiation therapy has also
been used in the management of a 67-year-old
man with PEComa of the lung [100]. Surpris-
ingly, a woman with a malignant pelvic TFE3-
associated PEComa (which typically lacks a
mutation in the TSC gene) whose tumor
responded to the mTOR inhibitor everolimus
was recently described [97, 105].

However, not all patients with PEComa
respond to mTOR inhibitors [106]. Based on the
genomic landscape of aberrations observed in
PEComa, alternative targeted therapies may
potentially be used in PEComa patients with a
tumor resistant to mTOR inhibitors, perhaps
because of the presence of co-existing onco-
genic driver abnormalities. For example, a
group of investigators successfully used the
checkpoint inhibitor pembrolizumab in a
69-year-old woman whose recurrent PEComa
was associated with elevated PD-L1 expression
[107].

CONCLUSION

Precision dermatology is the next therapeutic
frontier for the treatment of patients with der-
matologic conditions. It incorporates dermato-
logic disease-directed targeted therapy (D3T2)
for the management of dermatoses such as
psoriasis, atopic dermatitis, and prurigo nodu-
laris. In addition, precision dermatology will
also play an essential role in the evaluation,
diagnosis, prognosis, and therapy of individuals
with skin cancer, including not only common
primary cutaneous tumors (such as melanoma,
BCC, and SCC), but also rare cutaneous neo-
plasms (such as PEComa).
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