1.Relatério final do projeto desenvolvido pelo pdés-doutorando Renato Santos
de Oliveira Filho:

“PROJETO DE PESQUISA: EXPRESSAO DOS RECEPTORES NOTCH EM
LESOES MELANOCITICAS NORMAIS, NEVOS DISPLASICOS E
MELANOMAS?”, sob supervisdo da Profa.Dra. Lydia Masako Ferreira.

Introducao:

Com a premissa de que os conhecimentos adquiridos na bancada estao
se revertendo em beneficio para o paciente, principalmente para aqueles com
melanoma cutadneo avancgado, fizemos inicialmente uma revisdo bibliografica
sobre o tema Notch e melanoma cuténeo (publicada na revista “Surgical and
Experimental Pathology” (Oliveira Filho et al, 2019).

Em mamiferos, quatro receptores Notch foram identificados (Notch1-4) e
sao considerados proteinas transmembrana tipo | com a funcéo de ativagao de
fatores de transcrigdo envolvidos no desenvolvimento embrionario e cuja via de
sinalizagcdo é responsavel pelo controle da diferenciagdo e proliferacao
epidérmica na vida adulta. Ligantes da superficie das células vizinhas (Delta1,
Delta3, Delta4, Jagged1 e Jagged?2) ativam o receptor de Notch induzindo sua
clivagem intramembrana pelo complexo gama secretase o que resulta em
liberacdo do Notch em sua forma ativa com consequente ativacdo de uma série
de genes envolvidos na diferenciacdo de células progenitoras durante o
desenvolvimento. Sabe-se que esta via de sinalizagdo controla a formacao,
desenvolvimento e fisiologia do tegumento (Pamelos, 2009).

Neste contexto, a caracterizagdo da expressdo dos receptores Notch
podera ajudar na identificagdo dos pacientes portadores de melanma cutaneo
de pior prognostico e mesmo permitir o desenvolvimento de medicamentos para

seu tratamento, que atuam nesta via de sinalizagao.

O que foi feito:

Apos assinatura do consentimento esclarecido e informado (CTLE),

construimos 3 grupos de pacientes, a saber:



- 10 espécimes com diagnostico anatomo-patolégico de nevos melanociticos

normais

- 10 espécimes com diagnostico anatomo-patoloégico de nevos displasicos

- 10 espécimes com diagnéstico anatomo-patoldgico de melanoma cutaneo.
Diante da dificuldade de padronizagao e execugao das reacdes de

imunohistoquimica para identificar e quantificar os receptores Notch presentes

nas diferentes amostras, decidimos fazer mais duas revisdes bibliograficas, na

forma de iniciagao cientifica, com académicos de medicina da EPM / Unifesp:

- Identificagao e quantificacdo de receptores notch por biologia molecular no

melanoma cuténeo. Revisao bibliografica”. Lorena Dal Collina Sangiuliano;

projeto em andamento, ja aprovado no CEP / Unifesp.

-“Identificacao e quantificacdo de receptores Notch por imunohistoquimica no

melanoma cutaneo. “ Ana Paula Aquino de Morais e Guilherme Routh Peixoto;

projeto submetido para o CEP / Unifesp, em processo de aprovagao.
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Abstract

Despite the immunotherapeutics and target therapy agents, the survival of patients with advanced melanoma is
still low. Notch signaling is able to regulate many aspects of melanomagenesis. Comparative analyses of common
melanocytic nevi, dysplastic nevi and melanomas demonstrated increased expression of Notch1, Notch2 and their
ligands, indicating that a positive regulation of these components may be related to the progression of melanoma.
Some strategies such as gamma-secretase inhibitors (GSI) have been explored in patients with refractory metastatic
disease or locally advanced disease of solid tumors. Two major classes of Notch inhibitors are currently in clinical
development: GSI and monoclonal antibodies against Notch receptors or their ligands. Inhibition of Notch by GSI

treatment of melanoma.

has been shown to decrease melanoma growth. GSI RO4929097 co-administered with cisplatin, vinblastine and
temozolomide promotes greater elimination of tumor cells. The Notch pathway needs to be explored in the
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Background

After gastrulation, the neural crest is first induced at the
edge of the neural plate and in the non-neural ectoderm.
Neural crest cells are initially multipotent but gradually
become restricted to the potential line of development,
which is determined by where they migrate and settle.
Those that migrate to the epidermis and dermis, are
subjected to the specification of lineages to form precur-
sors of melanocytes - melanoblasts. Neural crest cells
can originate several types of differentiated cells and
tissues, including sensory neurons and glial cells, mela-
nocytes, cartilage and craniofacial bone and smooth
muscle. Melanocytic nevus is a benign accumulation of
melanocytes that may be considered the first lesion in
progression, evolving to melanocytic hyperplasia, dyspla-
sia and melanoma. Dysplastic lesions may progress to
melanoma in situ, invasive melanoma and then meta-
static melanoma. This multi-stage tumor process results
from the accumulation of genetic alterations that com-
prise genomic instability, activation of oncogenes such
as BRAF and RAS, as well as inactivation of tumor
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suppressor genes (Bevona et al. 2003; Gandini et al.
2005; Hussein 2004; Naeyaert and Brochez 2003;
Cichorek et al. 2013).

Analysis of the Cancer Genome Atlas and other gen-
omic data made it possible to identify the most frequent
mutations in melanoma and other cancers. BRAFV600E
is the most prevalent mutation in melanoma, detected in
52% of cases, followed by mutations in the RAS and
neurofibromin 1 (NF1) family in approximately 30 and
14% of cases, respectively. These conductive mutations
are almost always mutually exclusive, making it possible
to classify melanoma cases in distinct genomic subtypes:
BRAF, RAS, NF1 and Triple-WT, the latter being de-
fined by the absence of BRAF, RAS and NF1 mutations.
Other common changes in melanoma include mutations
in TP53, CDKN2A and TSGs homologous to phosphat-
ase and tensin (PTEN) and in the TERT promoter
(Akbani et al. 2015; Curtin et al. 2005).

Recent discoveries in cell signaling mechanisms have
provided a better understanding of the biology underlying
the progression of melanoma, and these advances have
been explored to provide targeted drugs and novel thera-
peutic approaches. Among the genetic events underlying
the development of melanoma, a variety of mutations in
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the components of cell signaling pathways was character-
ized, notably in the MAPK kinase pathway. Many of these
alterations impair the functions of receptors on the plasma
membrane and the aligned signaling cascades (Ghosh and
Chin 2009; Gray-Schopfer et al. 2007; Dantonio et al
2018).

Main text

Cutaneous melanoma originates from normal melano-
cytes or their precursors and among skin cancers is re-
sponsible for the highest number of deaths. In humans,
melanocytes can be detected in the epidermis around
the 50th day of intrauterine life. Embryonally, these cells
migrate from the neural crest to the basal layer of the
epidermis along the dorsolateral pathway. It has been
suggested that the process of melanocyte development is
often used by tumor cells to promote their own progres-
sion. The worldwide incidence of melanoma has been
increasing in recent decades. The US National Cancer
Institute reports that the rate of new cases of cutaneous
melanomas has increased by an average of 1.5% per year
over the past 10years (Yoshida et al. 2001; Liu et al.
2014; Shain and Bastian 2016).

Familial melanoma accounts for 8-12% of melanoma
cases, with the cyclin-dependent kinase inhibitor 2A
(CDKN2A) and CDK4 being the major susceptibility genes
involved in this context. Germline mutations in CDKN2A
are responsible for the loss of two tumor suppressor pro-
teins, pl6INK4a and pl4ARF, both encoded by the
CDKN2A gene through alternative splicing while germline
mutations in the CDK4 oncogene make a complex consti-
tutively active between CDK4 and cyclin D1, which pro-
motes abnormal cell proliferation (Thompson et al. 2009;
Potrony et al. 2015; Aoude et al. 2015; Bertolotto 2013; Zuo
et al. 1996).

Cutaneous melanoma affects young individuals (world
average age 64 years) and presents aggressive behavior,
with high lethality. Despite the breakthrough in ad-
vanced disease therapy, with the emergence of immuno-
therapeutics (anti-PD1 and anti-CTLA4) and target
therapy agents (anti-BRAF and anti-MEK), survival of
cutaneous melanoma patients remains directly related to
the stage of the disease at diagnosis and depends mainly
on the depth of the skin lesion as measured by the
Breslow index. Thus, early diagnosis is of fundamental
importance as well as the emergence of new therapeutic
agents (National Comprehensive Cancer Network Clin-
ical Practice Guidelines in Oncology 2018; Mozuraitiené
et al. 2015).

In mammals, four Notch receptors have been identi-
fied (Notch1-4) and are considered transmembrane type
I proteins with the function of activation of transcription
factors involved in embryonic development and whose
signaling pathway is responsible for the control of
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epidermal differentiation and proliferation in adult life.
Ligands on the surface of the neighboring cells (Deltal,
Delta3, Delta4, Jaggedl and Jagged2) activate the Notch
receptor inducing its intramembrane cleavage by gamma
secretase complex which results in the release of the
intracellular Notch domain in its active form with conse-
quent activation of a series of genes involved in differen-
tiation of progenitor cells during development (Massi
et al. 2006; Panelos and Massi 2009).

The Notch signaling pathway contributes to the regu-
lation of the melanocyte lineage. During development,
melanocyte precursors, melanoblasts, emerge from the
neural crest and migrate to the epidermis through newly
formed hair follicles. In the hairless regions, melano-
blasts remain immature and located in the basement
membrane of the epidermis where they are differentiated
for mature melanocytes by stimulating adjacent kerati-
nocytes or other signals from the microenvironment. Re-
cent studies indicate that the Notch signaling pathway is
important for the maintenance of melanoblasts, for the
appropriate localization of melanoblasts in the epidermal
basement membrane, and for the induction of melano-
cyte differentiation in the follicular matrix. The trans-
formation of normal melanocytes into melanoma cells is
a multi-step process. MAPK is the major route involved
in the known melanomagene. Activation of Notch signal-
ing may contribute to melanoma progression, although it
is not known which cells serve as emitting cells. Notch
signaling is mediated by direct interactions between
membrane-bound Notch receptors (Notchl-4) in recipi-
ent cells and Notch ligands (Delta or Jagged type) in the
emitting cells (Massi et al. 2006; Panelos and Massi 2009;
Golan et al. 2015; Guruharsha et al. 2012).

The Notch signaling cascade is initiated after binding of
the membrane bound linker (Jagged 1,2 and DSL 1,3,4) to
Notch receptors. After binding of the ligand, two sequen-
tial proteolytic events occur to release the active intracel-
lular Notch (NIC). The first cleavage is mediated by a
metalloprotease, TNF-a converting enzyme (TACE). Final
cleavage is mediated by a y-secretase complex. Subse-
quently, the NIC translocates to the nucleus and functions
as a transcription factor to influence gene expression, in-
cluding HES, Hey and other targets (Liu et al. 2014).

Some studies suggest that the Notch signaling path-
way is pro-tumorigenic in melanomas. Notchl expres-
sion levels are elevated in 50-60% of melanomas and
65% in melanoma cell lines, while in normal melano-
cytes and nevi are low or undetectable. In addition to
promoting growth and survival of melanoma cells,
Notchl is also involved with a more aggressive pheno-
type. This phenotype has been associated with the acti-
vation of the MAPK and Akt pathways (Golan et al.
2015; Bedogni 2014; Kumano et al. 2007; Okuyama
et al. 2008b).
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It has now been demonstrated that in melanomas
there is a greater expression of microRNAs (miR-146a)
due to the activation of MAPK pathway (resulting from
BRAF or mutant NRAS) and increased transcription fac-
tor MYC. Overexpression of miR-146a leads to the sup-
pression of NUMB, which is a Notch-regulated protein.
The silencing of NUMB by overexpression of miR-146a
releases the Notch signaling pathway leading to the
growth of tumor cells in melanoma (Golan et al. 2015;
Garraway 2014).

In addition to the activation of the Notch signaling
pathway involved in cell proliferation, it is also respon-
sible for acquiring the vertical invasion capability of cu-
taneous melanomas (Golan et al. 2015).

The Notch signaling pathway in melanomas is acti-
vated directly by the contact between melanocytes and
differentiated keratinocytes (keratinocytes from the
most superficial layers of the epidermis) through their
ligands (Delta-like or Jagged). After cell-cell (differenti-
ated melanoma-keratinocyte) activation, the intracellular
Notch domain (NICD) is cleaved by gamma-secretase
complex and translocated to the nucleus where it binds to
a transcriptional regulatory protein, the Jkappa protein
(RBPJK) and its cofactor MITF. The RBPJK / MITF com-
plex is responsible for the inhibition of the miR-222/221
micro RNA promoter, thus increasing the expression of
miR-222/221, considered the trigger for vertical invasion
in melanomas (Golan et al. 2015).

The Notch pathway is a highly conserved cell pathway,
present in most multicellular organisms, which plays an
important role in the determination, proliferation, differ-
entiation and survival of the cell. The Notch signaling
cascade modulates a wide range of cellular processes, in-
cluding regulation of cell cycle blockade, apoptosis, sur-
vival, differentiation and maintenance of stem cells, as
well as the response to hypoxia. Consequently, the aber-
rant function of Notch is involved in a number of human
diseases, including developmental disorders, neurodegen-
erative diseases and cancer (e.g., T cell leukemia, multiple
sclerosis, lymphoma and melanoma) (Ranganathan et al.
2011; Gustafsson et al. 2005; Osawa and Fisher 2008;
Joutel and Tournier-Lasserve 1998; Miiller 2012).

The Notch family of proteins is composed of cell
surface receptors that transduce signals interacting with
the Delta-like (DLL) and Jagged (JAG) transmembrane
ligands in neighboring cells. In mammals, a total of four
Notch receptors (Notch1-4) and five ligands were char-
acterized (DLL1, 3, 4 and JAG1 and 2). Notch receptors
are composed of two main domains: an extracellular
domain (NECD) and an intracellular domain (NICD), in-
terconnected by a transmembrane protein. The NICD
has two structures at the C-terminus that are responsible
for nuclear input (Kopan 2012; Takebe et al. 2014;
Kojika and Griffin 2001; LaVoie and Selkoe 2003).
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All Notch receptors are synthesized as full-length pro-
teins that undergo successive proteolytic cleavages, cul-
minating in the release of NICD, which will act on the
nucleus. Notch ligands located in the neighboring cells
have a Delta / Serrate / Lag-2 (DSL) domain that medi-
ates binding-receptor binding and thus promotes the
activation of Notch signaling. The mechanism for trig-
gering Notch canonical signaling involves proteolytic
cleavages at three Notch sites: S1, S2 and S3. The first
cleavage (S1) is mediated by furin type convertases,
which occurs in the trans-Golgi network during the
Notch secretion process. This cleavage generates two
subunits (NECD and NICD) interconnected by the
transmembrane protein. These processed subunits are
then transported to the plasma membrane, where they
associate as non-covalently linked heterodimers to form
the functional Notch receptor. Upon binding of the
linker to the receptor, the latter undergoes the second
cleavage (S2) which is catalyzed by a member of the dis-
integrin A family and metalloproteases (ADAM17 or
ADAMI10), also known as tumor necrosis factor (TACE)
converting enzyme. Cleavage of S2 promotes the dissoci-
ation of the membrane-bound intracellular Notch do-
main from the extracellular domain. This intracellular
domain is a constitutive substrate for the final cleavage
of S3, culminating in the release of active NICD, which
is directed to the nucleus by its NLS. S3 is regulated by
a protease complex of the presenilin-dependent y-
secretase, which consists of an integral membrane pro-
tein complex. After translocation to the nucleus, the
NICD binds to CSL (transcriptional repressor RBPJk /
CSL), a transcriptional repressor that acts as a DNA
binding adapter and helps recruit the adapter protein
(MAML), which in turn evokes the transcriptional co-
activator p300 and other components of the transcrip-
tion machinery (Liu et al. 2014; Kopan 2012; Takebe
et al. 2014; Kojika and Griffin 2001; LaVoie and Selkoe
2003; Baron 2003; Pinnix and Herlyn 2007; Okuyama
et al. 2008a; Nam et al. 2003).

The transcriptional activation complex, composed of
CSL, NICD, MAML and p300, regulates transcription
of genes downstream, such as HES1 and HEY. The
Hess family of repressors acts downstream of the
Notch signaling pathway, antagonizing the expression
of a variety of transcription factors, such as Ascll,
Atohl and Neurog3, whose function is to keep the
cells in an undifferentiated state. Hes repressor genes,
such as HESI1, play key roles in maintaining progeni-
tor cells in an undifferentiated state. The concomitant
existence of transcriptional activators and repressors
downstream of the Notch signaling cascade plays a
crucial role in the various outcomes of this pathway
(Osawa and Fisher 2008; Pinnix and Herlyn 2007;
Tao et al. 2010; Kageyama et al. 2007).
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Several studies have also demonstrated the existence
of noncanonical activation of Notch signaling in several
cell types. At least three types of non-canonical activa-
tion of Notch have been described, which may or may
not depend on: (i) ligand interaction, (ii) y-secretase ac-
tivity and (iii) the action of RBPJk / CSL complexes.
Both non-canonical cascades independent of RBPJ and
Hes have important functions downstream of Notch sig-
naling, although the exact molecular events mediating
these sub-pathways are not fully understood (Osawa and
Fisher 2008; Veeraraghavalu et al. 2005; Hodkinson et al.
2007; Ayaz and Osborne 2014).

Notch signaling may also interact with other pathways,
such as PISK, mTORC2, Wnt, NF-«B, YY1 or HIF-1q, at
cytoplasmic and / or nuclear levels. Direct interactions
of NICD with IKKa in the NF-kB pathway or LEF1 in
the Wnt pathway were reported, and that Notch can ac-
tivate the integrin via Ras, irrespective of RBP] binding.
Although many normal cellular processes (homeostatic
regulation of melanocytes) require canonical signaling of
Notch, many pathological conditions, including cancer
and immune system activation, are associated with non-
canonical Notch signals. However, these noncanonical
cascades still require a more detailed understanding
(Tao et al. 2010; Ayaz and Osborne 2014; Hirobe 2005).

In healthy skin, Notch signaling is expressed in all
layers of the epidermis and is critical for the differenti-
ation of keratinocytes and affects a wide range of cellular
activities including cell cycle arrest, apoptosis, and sur-
vival. An example of the versatile function of the Notch
pathway is related to epidermal development, where
Notch signaling is able to stimulate the differentiation of
granular cells into spinous cells and, at the same time,
prevent their premature differentiation (Okuyama et al.
2008a; Hirobe 2005).

This versatility of functions can be explained by the
concomitant existence of a transcriptional activator and
a repressor downstream of Notch. Notch signaling, via
Hesl transcription factor, maintains the survival of
melanoblast and melanocytic stem cells, preventing the
onset of apoptosis (Osawa and Fisher 2008; Moriyama
et al. 2006).

Notch signaling is able to regulate many aspects of
melanomagenesis. Comparative analyses of common
melanocytic nevi, dysplastic nevi and melanomas dem-
onstrated an increased expression of Notchl, Notch2
and its ligands, indicating that a positive regulation of
these components may be related to the progression of
melanoma (Massi et al. 2006).

An essential role for the Notch pathway has been vali-
dated in the development of melanoblast as well as the
progression of melanoma. Notchl is considered a pri-
mary tumorigenic factor in melanoma. Positive regula-
tion of Notchl and its target genes occurs in metastatic
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melanoma. Transcriptional targets of Notch signaling
that are responsible for angiogenesis, proliferation, me-
tastasis and cell survival in tumor cells include Hes, Hey,
Cyclin D1, NF-xB, STAT3 and p21 (Schouwey et al.
2007; Ma et al. 2014; Balint et al. 2005).

The Notch pathway may offer a therapeutic possibility
for the treatment of melanoma. Considering the effects
of Notch overexpression on the development of melan-
oma, the manipulation of this pathway seems to have
great potential therapeutic value. Several strategies to
inhibit the Notch pathway have been used against mel-
anoma and other cancers. Recent evidence has also sug-
gested that Notch signaling is one of the most important
cell pathways in drug-resistant tumor cells. In fact, nega-
tive regulation of the Notch pathway may induce drug
sensitivity, leading to increased inhibition of the growth,
invasion, and metastasis of cancer cells. For example, the
use of RNA directed to Notch2 has shown potential to
reduce tumor invasion and the growth of uveal melan-
oma, a common intraocular malignancy in adults (Liu
et al. 2014; Purow 2009; Wang et al. 1806; Asnaghi
et al. 2012).

Increasing evidence indicates that Notch signaling con-
tributes to physiological processes, including development,
differentiation and tumorigenesis, either as a promoter or
tumor suppressor, depending on the cellular context, level
of expression and interaction with other signaling systems.
There is also evidence that signaling through Notch recep-
tors regulates cell proliferation and cell survival in various
types of cancer, including melanoma. Tumor progression
/ melanoma metastasis are complicated processes that re-
quire multiple cellular events, including cell proliferation,
survival, migration and invasion. Notch signaling appears
to be a promising system for novel therapeutic targets for
the treatment of melanoma and perhaps for the preven-
tion of melanoma metastases (Miiller 2012).

Increased knowledge of the molecular basis of melan-
oma has transformed the treatment of these patients.
Advances in immunobiology brought a class of immuno-
therapeutic agents that provided more durable control
of patients with metastatic melanoma. For tumors that
do not respond to immunotherapeutics but have specific
mutations as in BRAFV600E (occurring in approximately
50% of cutaneous melanoma cases), target therapies with
MAPK pharmacological inhibitors (RAF and MEK effec-
tors) have shown benefit, even though not all of melanomas
with the mutations respond to the MAPK pharmacological
inhibitors (Tolcher et al. 2012).

Despite the benefits, approximately 40% of melanomas
do not respond to inhibitors of the MAPK pathway nor
to target therapy agents. Tumors develop resistance and
patients have recurrences (Wolchok et al. 2017). Some
strategies such as gamma-secretase inhibitors have been
explored in phase I and phase II studies in patients with
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metastatic refractory disease or locally advanced disease
of solid tumors. It has been investigated whether the
addition of gamma-secretase inhibitors to RAF and
MEK inhibitors could bring benefit in the treatment of
patients with advanced melanoma (Krepler et al. 2016;
Tolcher et al. 2012).

Two major classes of Notch inhibitors are currently in
clinical development: y-secretase inhibitors (GSIs) and
monoclonal antibodies (mAbs) against Notch receptors
or their ligands. Inhibition of Notch by the y-secretase
inhibitor has been shown to decrease melanoma growth.
A phase I clinical trial for GSI RO4929097 has shown
encouraging evidence of antitumor activity, revealing
itself as a selective inhibitor of small molecules of y-
secretase with antitumor activity. Suppression of Notch-
2 activation is critical for honokiol to inhibit melanoma
cells (Kaushik et al. 2015).

Antitumor activity by GSIs and mAbs administered as
a single agent in the early stages of clinical trials has
been observed in advanced or metastatic thyroid cancer,
non-small cell lung cancer, intracranial tumors, sarcoma
or desmoid tumors, colorectal cancer with neuroendo-
crine features, melanoma and ovarian cancer. Several ad-
verse events, particularly gastrointestinal toxicities, have
been observed and mitigation strategies are being devel-
oped following the testing of multiple GSIs and Notch-
directed mAbs (Takebe et al. 2014).

Combined chemotherapy with GSIs for recurrent and
advanced stage melanoma were evaluated in Phase I and
IT clinical trials. GSI RO4929097 co-administered with
cisplatin, vinblastine and temozolomide promotes a
greater elimination of tumor cells (Nickoloff et al. 2005;
Briot and Iruela-Arispe 2015; Espinoza and Miele 2013).
There is evidence that the Notch pathway needs to be
explored because of its potential to become useful in the
treatment of melanoma.

Conclusions

Considering the effects of Notch overexpression on the
development of melanoma, the manipulation of this
pathway seems to have a great potential therapeutic
value. Several strategies to inhibit the Notch pathway
have been used against melanoma and other cancers.
Despite the benefits, approximately 40% of melanomas
do not respond to immunotherapy (anti-CTLA4, anti-
PD1 and anti PDL1) nor to target therapy agents (anti-
BRAF and anti-MEK). It has been investigated whether
the addition of gamma-secretase inhibitors to BRAF and
MEK inhibitors could bring benefit in the treatment of
patients with advanced melanoma.

Two major classes of Notch inhibitors are currently in
clinical development: y-secretase inhibitors (GSIs) and
monoclonal antibodies (mAbs) against Notch receptors
or their ligands. GSI co-administered with cisplatin,
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vinblastine and temozolomide promotes a greater elim-
ination of tumor cells (Nickoloff et al. 2005; Briot and
Iruela-Arispe 2015; Espinoza and Miele 2013). Notch
pathway needs to be explored because of its potential to
become useful in the treatment of melanoma.
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