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Abstract

Purpose of Review In this review, we will discuss the
recent advances in the identification of landmark gene
signatures in cutaneous melanoma and in the discovery of
those relevant to cutaneous squamous cell carcinoma
(cSCO).

Recent Findings Melanoma and c¢SCC are the most
important cutaneous malignancies when considering mor-
bidity and mortality. They are responsible for the greatest
number of skin cancer related deaths. Over the past several
years, a number of gene signatures have been identified
showing great promise in terms of tumor molecular clas-
sification and risk stratification of patients to anticipate best
therapeutic modalities. These gene signatures have allowed
a personalized medicine approach to a comprehensive
decision-making process for these patients.

Summary Prediction of the prognosis and therapeutic
response of patients with melanoma and high-risk ¢cSCC
will be aided by the elucidation and utilization of these
gene signatures.
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Cutaneous squamous cell carcinoma
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Introduction

Many gene signatures, such as MammaPrint (Agendia,
Inc.) in breast cancer [le*] and DecisionDx-Melanoma
(Castle Biosciences Inc.) in cutaneous melanoma [2e¢],
have been the underpinning of personalized medicine. A
gene signature is defined as a single or a combined genetic
alteration with validated specificity in terms of diagnosis,
prognosis, or prediction of therapeutic response. This
specificity should be validated in independent groups of
tumors and, if possible, by different techniques and teams
[3¢e]. There are three key points needed to define a gene
signature: (1) select and identify a gene signature in a
training data set; (2) validate the gene signature in an
independent validation data or test set; (3) establish clinical
trials to validate the gene signature in a clinical setting to
transfer it to daily clinic practice.

Essentially, gene signature is a gene expression alter-
ation, which is usually identified and characterized by the
following steps: (i) select two groups of samples (tumor vs.
normal or treated vs. untreated), producing a training data
set; (ii) compare the two groups of samples in the training
data set, identify differentially expressed genes, select the
most upregulated or downregulated genes that are specific
to a disease condition (tumor) or response (treatment),
establish a model and scaling coefficient, or perform sur-
vival analysis according to selected model; (iii) select an
independent group of samples (tumor and normal or treated
and untreated), producing an independent validation data
set; (iv) split the samples in the validation data set
according to the gene signature (strictly as determined in
the training data set) and track outcomes or survival anal-
ysis. Then a clinical trial can be done to treat patients based
on a gene signature score, then outcomes or survival
analysis can be tracked to clinically validate the gene
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signature classification and transfer it to daily clinic prac-
tice [3°°].

The advent of two unique techniques in 1995 critically
contributed to the initialization of analysis and identifica-
tion of gene signatures for physiological or clinical rele-
vance. The first technique is Serial Analysis of Gene
Expression (SAGE) which improves expressed sequence
tag (EST) analysis by allowing simultaneously quantitative
analysis of a large number of transcripts in a sample to
demonstrate more easily characteristic gene expression
patterns [4]. The second technique is DNA microarray
which quantifies complementary DNA (cDNA) hybridiza-
tion on a glass slide to analyze the expression of thousands
of genes in parallel [5].

DNA microarray is a widely adopted technique to pro-
file gene expression signatures to best classify the tumor
subtypes [6] and to predict patient outcomes [7, 8] and
response to therapy [9, 10]. The most successful gene
signature developed by far is the breast cancer 70-gene
signature (MammaPrint), which was the first in vitro
diagnostic multivariate index assays (IVDMIA) cleared in
2007 by the Food and Drug Administration (FDA):
Mammaprint was the only molecular diagnostic test with a
randomized prospective clinical trial validating clinical
utility. This 70-gene signature could distinguish patients at
a significant risk for distant relapse and death from those at
low risk, thus improve prediction of clinical outcomes in
women with early-stage breast cancer. Also it could add an
independent prognostic value in selecting patients for
adjuvant chemotherapy when combined with the standard
clinical-pathological criteria [1es, 9-11]. A diagram illus-
trating the process of gene signature identification and
characterization is shown in Fig. 1.

Cutaneous malignancies arise from keratinocytes, mel-
anocytes, Merkel cells, endothelial cells, adnexal struc-
tures, constituents of the connective tissue stroma, and
skin-resident immune cells among others. Cutaneous mel-
anoma and cutaneous squamous cell carcinoma (cSCC) are
the most important tumors in cutaneous malignancies.
Cutaneous melanoma is the third most common cutaneous
malignancy after basal cell carcinoma (BCC) and squa-
mous cell carcinoma (SCC) and is the leading cause of
death from skin cancer. In 2018, it is estimated that 91,270
cases of melanoma are diagnosed and 9320 deaths are
expected in the USA [12e, 13]. Cutaneous SCC is the
second most common non-melanoma skin cancer (NMSC),
with over 700,000 new cases diagnosed annually resulting
in 3932-8791 deaths in the USA in 2012. Cutaneous SCC
is the most common skin cancer in transplant patients and
has a 60-250-fold increased incidence in solid organ
transplant recipients (OTRs) compared to immunocompe-
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tent individuals. Skin cancer is also the most frequent
malignancy with SCC and BCC accounting for 95%
malignancies with a 4:1 SCC to BCC ratio [14e, 15, 16].

We have searched the PubMed with the keywords “gene
signature” plus “cutaneous malignancy” and found that
most of the publications available are involved with gene
signatures in cutaneous melanoma. Due to the importance
of ¢SCC in cutaneous malignancies, the current review will
put major focus on the gene signatures in cutaneous mel-
anoma and cSCC, their implications in terms of molecular
classification, and predicting the prognosis and therapeutic
response of patients with these malignancies.

Molecular Classification Gene Signature
for Cutaneous Malignancies

In 2000, Bittner et al. [17] published the first evidence
showing that classification of melanoma on the basis of
gene expression profile is possible, which led to the
numerous 2 decades of studies on gene signatures in
cutaneous melanoma and cSCC. Since then, several gene
signatures have been identified for molecular classification
of cutaneous melanoma and cSCC. The major advances in
molecular classification of cutaneous melanoma and cSCC
are summarized in Table 1 and discussed below.

Gene Signature Associated with Cell Phenotypes

In 2006, Hoek et al. [18] identified two transcription sig-
natures (proliferative and invasive signatures) by carrying
out three separate DNA microarray analyses on a total of
86 melanocyte and melanoma cell cultures, which classify
them into proliferative and invasive cell phenotypes upon a
switch in melanoma progression. A proliferative signature
represented weakly metastatic melanomas, susceptible to
the transforming growth factor B (TGFp)-mediated inhi-
bition of proliferation with a low motility. An invasive
signature represented strongly metastatic melanomas,
resistant to TGFf and highly mobile.

Gene Signature Associated with BRAF Mutation
Status

In 2008, Kannengiesser et al. [19] reported a 209-gene
signature which were significantly associated with BRAF
mutation status (raw P < 0.001). This gene signature was
identified by analyzing the expression data obtained after
hybridization on a whole genome 44K oligonucleotide
microarray (Agilent) for 69 patient samples including 32
melanomas with BRAF mutation and 37 wild type (WT)
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Fig. 1 Gene signature identification and characterization. Gene signature is identified and characterized through three steps: signature
identification (training data set), signature validation (validation data set), and finally the clinical validation

melanomas, there were those involved in melanoma
immune responses such as MAGE-D2, CD63, and HSP70.
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Table 1 continued

Year

References

Application

Independent validation Classification significance and performance

set size and tissue type

Gene Tissue  Training set size

Signature

and sample type

source

expression
assay

Validation set

Training set

2014

Prasad [14°]

Discriminating between

High expression associated

164

(i) qRT-PCR: 27 FFPE

12 fresh tissue

Fresh

Affymetrix

MMP1

aggressive vs non-

with aggressive tumors (OR

1.01; 95% CI 1-1.03;

differentially
expressed
genes

samples (22 tumors
and 5 normal skin)

and 69 fresh tissues

samples (6

FFPE

array

aggressive ¢cSCC

tumors

¢SCC and 6
matching

0.034 for mRNA. OR

5.47; 95% CI 0.73-2.68;
P < 0.001 for protein)
The sensitivity and specificity

P =

identified

(32 tumors and 37

normal skin)
(ii) IHC: 122 FFPE

normal skin)

of MMP1 were 82% and

samples (47 non-
aggressive and 75

aggressive)

62% for mRNA and 45%

and 87% for protein

¢SCC cutaneous squamous cell carcinoma, /HC immunohistochemistry, gRT-PCR quantitative reverse transcription PCR, FFPE formalin-fixed paraffin-embedded, triple-concordant lesion a

lesion with a concordant pathological diagnosis assigned by 3 experienced dermatopathologists, OR odds ratio, CI confidence interval, N/A not available/not applicable

Gene Signature to Differentiate Benign
and Malignant Melanocytic Neoplasms

In 2015, Clarke et al. [20] described a 23-gene expression
signature that effectively differentiated benign and
malignant melanocytic neoplasms. This gene signature
was identified by qRT-PCR analyzing RNA expression of
a training set of 464 FFPE (formalin-fixed paraffin-em-
bedded) samples including 254 melanomas (with broad
clinical spectrum-superficial spreading, nodular, acral,
lentigo maligna/lentigo maligna melanoma, and other) and
210 nevi (compound, junctional, intradermal, spitz, blue,
and other), which was validated with a test data set of 437
FFPE samples including 211 melanomas (superficial
spreading, nodular, acral, lentigo maligna/lentigo maligna
melanoma, and other) and 226 nevi (compound, junc-
tional, intradermal, spitz, blue, and other). The signature
test sensitivity and specificity were 90% (95% CI 85-93%)
and 91% (95% CI 87-95%) in the validation set.

In 2017, Clarke et al. [21] assessed the association
between the 23-gene signature score and the pathologic
diagnosis, using a validation set of 736 triple-concordant
FFPE samples selected from 1400 melanocytic lesions. To
ensure pathologic diagnostic accuracy, a triple-concordant
diagnosis was required, meaning a clinically relevant
sample needed diagnostic concordance determined by 3
experienced dermatopathologists before inclusion in the
validation set. This validation set consisted of 177 malig-
nant lesions (acral melanoma, lentigo maligna/lentigo
maligna melanoma, nodular melanoma, and superficial
spreading melanoma and others, which were similar to the
subtypes of Clarke et al. at 2015 without desmoplastic
melanoma) and 559 benign melanocytic nevi (a wide range
of subtypes). The expression of the 23-gene signature was
measured by qRT-PCR assay for each FFPE tissue sample,
which was converted to a signature score by a weighting
algorithm to classify benign and malignant lesions. The
signature test had a sensitivity of 91.5% (95% CI
86.4-952%) and a specificity of 92.5% (95% CI
90.0-94.5%), which showed that the signature has a high
ability to differentiate benign nevi from malignant mela-
noma in a diverse array of samples encountered in routine
clinical practice.

Ko et al. [22] validated the 23-gene signature using
gRT-PCR with a cohort of 182 archival FFPE cases, which
included 99 malignant lesions (12 subtypes) and 83 benign
melanocytic nevi (18 subtypes). The malignant lesions in
this cohort were stage I, II, or IIl primary cutaneous
melanomas that produced distant metastases. In this vali-
dation, the signature test had a sensitivity of 93.9% and a
specificity of 96.2%, showing once again that the signature
had a high diagnostic accuracy to differentiate malignant
melanoma from benign nevi.

@ Springer



23 Page 6 of 13

Curr Surg Rep (2019) 7:23

Gene Signature to Distinguish Malignant
Hyperproliferation of ¢cSCC from Benign
Hyperplasia

In 2006, Haider et al. [23] was the first to publish specific
gene expression patterns that define a profile for primary
¢SCC and distinguish malignant hyperproliferation (cSCC)
from benign hyperplasia (Psoriasis vulgaris) by using a
hierarchical clustering approach. This early study analyzed
mRNA expression from eight cSCC specimens, eight site
matched non-tumor-bearing (N) specimens, eight psoriasis
(P) specimens, and five non-lesional (NL) skin biopsies by
gene array (HG-U95A/Av2 chips, Affymetrix). By hierar-
chical clustering of the RNA expression results, a cSCC-
specific gene expression profile was identified, in which
HPGD and FZDG6 expression were increased in ¢SCC
alone. They also identified a gene expression profile to
distinguish malignant hyperproliferation from benign
hyperplasia, in which hyperproliferation was characterized
by upregulation of MMPI, 10, and 13, CTSL2, CST6,
STAT3, MSMB and downregulation of iNOS, CDS83,
CD8a, GZMB, and the hyperplasia was associated with
upregulation of DEFB4, SERPINB3, STATI, K16, CEA-
CAMs, and WNT 5A. The gene expression profiles iden-
tified were validated by qRT-PCR for mRNA from cSCC,
N, P, and NL skin biopsy specimens (n = 7 for each). This
early study was limited by its sample size (n < 8 for each).
Nevertheless, it was the first report to suggest that a gene
expression signature may identify ¢cSCC tumors and dis-
tinguish between malignancy and benignancy of a tumor
that could translate into clinical therapeutic implications.

Gene Signature to Distinguish Between Aggressive
and Non-aggressive ¢cSCC Tumors

In 2014, our lab found that MMP1 could be used as a gene
signature to discriminate between aggressive and non-ag-
gressive ¢SCC tumors by using a combination of
microarray, ¢RT-PCR, and immunohistochemistry to
examine 200 skin samples [14¢]. In our study, 164 differ-
entially expressed genes were first identified by using
Affymetrix HGU133 2.0 Plus GeneChip from 12 fresh
tissue samples (6 ¢cSCC and 6 matching normal skin). Of
the 164 genes identified, 12 genes were selected and vali-
dated by qRT-PCR in a separate set of 27 paraffin-pre-
served samples (22 tumors and 5 normal skins). Of the 12
genes validated, three genes (MMP1, MMP10, and
ADAMTSI1) were further validated by qRT-PCR in an
additional set of 69 fresh tissue samples (32 tumors and 37
normal skin) for mRNA expression and validated by
immunohistochemistry in 131 paraffin-preserved tissue
sections (80 arrayed and 51 non-arrayed samples) and 9
normal skin samples for the protein expression. Univariate
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analysis on the mRNA expression of the three genes in 32
fresh samples (16 aggressive vs. 16 non-aggressive) and
the protein expression of the three genes in 122 paraffin-
preserved samples (75 aggressive vs. 47 non-aggressive)
showed that only MMP1 was significantly highly expressed
in aggressive tumors compared with non-aggressive tumors
(OR 1.01; 95% CI 1-1.03; P = 0.034 for mRNA expres-
sion. OR 5.47; 95% CI 0.73-2.68; P < 0.001 for protein
expression). The sensitivity and specificity of MMP1 to
discriminate between aggressive and non-aggressive
tumors were 82% and 62% for mRNA expression and 45%
and 87% for protein expression.

Gene Signatures with Prognostic Relevance

In 2006, Winnepenninckx et al. [24] were the first to
publish gene signatures with prognostic relevance in mel-
anoma. This early study identified a 254-gene signature
associated with 4-year distant metastasis-free survival
(DMFS) by class comparison analysis of gene expression
data from 58 patients with primary melanomas. Since the
initial search for prognostic signatures by Winnepen-
ninckx, several prognostic gene signatures have been
identified in cutaneous melanoma. The major advances in
gene signatures with prognostic relevance in cutaneous
melanoma are summarized in Table 2.

Gerami et al. [31+¢] advanced the use of gene signature
prognostic studies in cutaneous melanoma by identifying
28 class-discriminating gene targets (AQP3, ARGI1, BAP1
5" region, BAP1 3’ region, BTG1, CLCA2, CRABP2,
CST6, CXCL14, DSCI1, EIF1B, GJAI, ID2, KRTI14,
KRT6B, LTA4H, MGP, PPL, RBM23, ROBO1, S100AS8,
S100A9, SAP130, SPP1, SPRR1B, TACSTD2, TRIM29,
TYRP1) associated with the metastatic risk of cutaneous
melanoma, with later inclusion of 3 endogenous control
genes producing a 31-gene signature. As an ancillary tool,
when this gene signature was combined with the AJCC
staging system, it identified 80% (24/30) of stage I and IIA
cases and 70% of sentinel lymph node (SLN)-negative
patients who eventually developed metastasis and 5.3% of
thin tumor patients (2.0% of Tla and 13.9% of T1b) who
eventually developed recurrence and distant metastasis
[12¢, 31°¢]. These cases, however, would not have been
able to be identified by the AJCC staging system. This gene
signature has been successfully developed to a commer-
cially available test for cutaneous melanoma, known as
DecisionDx-Melanoma, by Castle Biosciences [2¢°].
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g = 2 ‘é. Gene Signatures with Predictive Relevance
> Q g 5
;E’ In 2013, Ulloa-Montoya et al. [38] reported a 84-gene
QE signature associated with the clinical response for MAGE-
§ N §§ A3 immunotherapeutics in two phase-II trials comparing
& = 23 the recombinant MAGE-A3 protein combined with
E % § .485 immunostimulants (AS15 and AS02B). This gene signa-
B _ ﬁ £ ture was identified by use of Affymetrix HG-U133 Plus 2.0
'z o g g microarray with qRT-PCR from a training set of 56
§o ; ©) g %‘ patients with unresectable MAGE-A3—positive stage III
;5; 5 & 25 or IV Mla metastatic melanoma. Overall Survival (OS)
% é 'g E g was notably greater in the population of melanoma
'g RS g é patients whose tumor had the gene signature. The median
A A 5 ¢ OS was 16.2 months (95% CI 9.0 to 20.0 months) in the
'g 8 % signature-negative population and 29.0 months (95% CI
< '; g 20.5 to 40.2 months) in the signature-positive population.
S s é § This effect was strongest when the immunostimulant AS15
2|3 g ; & - é E was included in the immunotherapy. The OS was
E g 3 “’é é .i% gy 16.2 months [95% CI 4.5 months to not reached (NR)] for
° '§ == ?/ 2 «2 é‘ signature-negative patients and 53.7 months (95% CI
= |5 2 18 =Y 29.0 months to NR) for signature-positive patients among
; N E = the AS15-treated patients. The hazard ratio (HRs) for OS
g E ‘;?3 between the signature (+) and (—) populations was 0.37
§ E § (95% CI10.13 to 1.05; P = 0.06) in the patients treated with
‘Eﬂ % § MAGE-A3 + AS15. When the same gene signature was
@ == used to predict the outcome of the patients who were
% g g treated with MAGE-A3 plus AS02B in a validation set of
§0 2 g i 157 patients with completely resected MAGE-A3—positive
& = =35 non-small-cell lung cancer [NSCLC] (stage IB/II), actively
g = E % E treated signature (4) patients showed a favorable disease-
‘g 20 f‘é é ?5) <2 free inte.:rval (DFI) compared to placebo-treated signature
_§~ jg § \O/ % % s (+) patients (HR 0.42; 95% CI 0.17 to 1.03; P = 0.06).
Sle | € 23ZE Further clinical trials (phase II and III) did not show that
§ § g this 84-gene signature could be predictive when applied to
3 S e '% g T8 E metastatic melanoma following MAGE-A3 immunother-
R =P 2 g|¢g é = apy [39, 40] (Table 3).
o |2 | 53885 238
w|E [ qUEOD 2 g s
2| > I S <] .
9 < : =< Conclusion
g ; % g <ZC Metastatic melanoma is one of the most aggressive and
83 g £ fn therapy resistant human cancers, and, in 2011, the 5-year
; .%o s 2 g é £ relative survival was only 16% [41]. The current treatment
£ £ 2 3 g & E strategies used for metastatic melanoma include surgery,
sle | & % § g immunotherapy, targeted therapy, radiation therapy, and
; L= Ev g chemotherapy. Several systemic therapies have been
.; g é § % f} 5 shown to improve recurrence-free survival (RFS) in the
s lgg z <ZJ: = § g < z patients with high-risk, resected, stage IIB-IIIC melanoma,
2|85 | 23 % [42—45] or unresectable stages III and IV melanoma
§ §0§ A [44-46]. The decision to select the type of adjuvant ther-
« | & <zt e S g apy after surgery or the type of systemic therapy for an
31 |fe |33
=3 <+ CR- -
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individual melanoma patient is based on the relative risk of
recurrence and death of the patient.

Treatment modality, for the most part, is determined by
the AJCC staging system. Currently, the most important
prognostic predictors for melanoma proposed by AJCC are
the Breslow depth, the ulceration, sentinel lymph node
biopsy (SLNB) result, the number of positive lymph node
involvement, and the presence or absence of distant
metastasis (the 8th Edition) [47]. However, the AJCC
staging system does not cover every aspect of melanoma.
For example, Gastman et al. [12+] reported that the mel-
anoma-specific survival (MSS) rates for stage I, II, and III
patients in a pooled cohort of 690 patients from the prior
studies diagnosed between 1998 and 2014 were similar to
those in the AJCC 8th Edition International Melanoma
database (with a difference of 4 1% for the MSS rates
between the pooled cohort and the AJCC 8th Edition
database), indicating that the 690 patient cohort was rep-
resentative of contemporary patients with melanoma in
terms of staging by the AJCC 8th Edition. Within this 690
patient cohort, a proportion of patients with node negative,
stage I-ITA ,and T1 (< 1 mm) melanoma were found to
have a significant high risk of recurrence, distant metas-
tasis, and death, which however was deemed as the low-
risk type of patients in the prior edition of AJCC system.

The complexity of clinical presentation, the difficulty of
pathological diagnosis, the dependency of treatment
options on the pathological diagnosis and the unpre-
dictability of therapeutic response urge the advent of novel
tools in the management of the patients with cutaneous
malignancies. As a new technique, using a gene signature
has created a great interest in tumor molecular classifica-
tion and the prediction of patients’ prognosis and thera-
peutic response. In molecular classification, a gene
signature can be used to classify melanoma into different
phenotypes, to predict melanoma BRAF mutation status, to
distinguish malignant from benign nevi, to distinguish
malignant ¢SCC hyperproliferation from benign hyper-
plasia, and to predict aggressive ¢cSCC tumors from non-
aggressive cSCC tumors. Gene signatures have been shown
to predict metastatic risk of malignant melanoma (DFS,
DMFS, RFS, and OS), clinical outcome (OS, DMFS, non-
progression, RFS, and DSS), the presence of tumor-local-
ized ectopic lymph node-like structures (TL-ELNS) of
melanoma and identify the high-risk patients from those
with AJCC low-risk SLN (-), stage I-IA, or < 1 mm T1
thin tumors (RFS, DMFS, and MSS). These findings are
critical in risk stratifying melanoma patients. A gene sig-
nature has the potential in personalized medicine to be used
to predict clinical response for therapeutic interventions.

Regardless of the success of Castle’s gene signature
assay (DecisionDx-Melanoma) in determining outcomes,
most of the gene signatures identified have not been

assessed by a clinical trial in a clinical setting. Although
phase II and III clinical trials were performed for an
84-gene signature (GS) to predict clinical responses to
MAGE-A3 immunotherapeutics combined with immunos-
timulants (AS15 and ASO02B), the two trials failed. The
GS-positive and GS-negative cutaneous melanoma patient
populations did not differ between the MAGE-A3 and
placebo groups in terms of disease-free survival, overall
survival, disease-free-specific survival, or distant metasta-
sis-free survival in any of the analyses or in the assessment
of disease-free survival for each year of follow-up [39, 40].
In cSCC, to our knowledge, there are no studies published
to date on gene expression signature except Haider AS
report [23] and our study [14*] on molecular classification
of ¢SCC. More extensive studies are needed to explore the
gene signatures for molecular classification, prognosis, and
therapeutic response prediction in cutaneous melanoma
and c¢SCC, especially ¢SCC, in the future to benefit the
tumor patients.
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