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SUMMARY 

Modulation of the immune system for therapeutic ends is now increasingly being 
employed in patients with advanced cutaneous melanoma, a deadly cancer arising from 
melanocytes. Cancer immunotherapy, which harnesses the protective capacity and specificity 
of the immune system toward eliminating cancer cells, generally capitalizes on the specific 
recognition of tumor antigens by cognate CTLs (cytolytic T lymphocytes). This recognition 
requires efficient presentation of antigenic peptides on the surface of tumor cells. 

The aim of this thesis was to explore the mechanisms of transcriptional regulation of 
genes encoding melanoma antigens in order to identify potential strategies to increase their 
repertoire and the expression levels. 

A group of CG (cancer-germline) genes uses primarily DNA methylation for 
transcriptional repression in somatic cells, whereas genome hypomethylation in tumors results 
in their activation and presentation of relevant antigenic peptides recognized by cognate 
CTLs. In the first part of this thesis, we explored the potential of protein BORIS (Brother of 
the Regulator of Imprinted sites) to induce and/or maintain the activation of MAGE-A1 
(Melanoma AntiGEn A1) and other CG genes in melanoma cells. BORIS expression on its 
own was insufficient to produce these effects and hence may not serve as a general means to 
increase the repertoire of melanoma antigens. The quantitative analysis of BORIS transcripts 
revealed the expression pattern characteristic to CG genes. BORIS activation in a substantial 
proportion of melanoma samples indicates the potential for immunotherapeutic targeting of 
BORIS-derived antigenic peptides. The identity of such peptides remains to be investigated.  

The second part of this thesis focused on the mechanisms of the transcriptional 
regulation of MITF-M, the melanocyte-specific isoform of MITF (Microphthalmia-associated 
transcription factor). MITF-M is a critical transcriptional activator of melanocyte 
differentiation genes such as MLANA, tyrosinase and gp100, which encode antigenic peptides 
recognized on melanoma cells by cognate CTLs. The microarray gene expression studies 
performed at the Brussels Branch of the Ludwig Institute for Cancer Research have revealed 
the downregulation of melanocyte differentiation genes in melanoma cell lines exposed to 
inflammatory cytokines. Based on these observations, we assessed the mechanisms of MITF-
M repression by IL-1 (interleukin 1) cytokine. This repression, either induced by exposure to 
recombinant IL-1 or permanent in melanoma cell lines constitutively producing IL-1, 
appeared to involve the NF-$B (nuclear factor kappa B) and JNK (c-Jun N-terminal kinase) 
signaling. The expression level of the IL1R1 (IL-1 receptor 1) was determined as an important 
parameter of IL-1-mediated transcriptional changes observed in melanoma cell lines. The 
reduced ability of melanoma cell lines treated with IL-1 to activate differentiation antigen-
specific CTL clones was mechanistically demonstrated in vitro. Our results indicate that the 
repression of melanocyte differentiation genes by IL-1 produced by stromal cells or by tumor 
cells themselves may represent an additional mechanism of melanoma immune escape. 
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In conclusion, our study got insight into mechanisms regulating the expression of 
melanoma antigens and pointed to the impact of genetic and epigenetic changes in melanoma 
cells on tumor-immune system interactions. The potential of combining immunotherapy with 
therapeutic strategies targeting particular genetic and epigenetic aberrations in melanoma cells 
should be further investigated.  
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RESUME 
 Une modulation du système immunitaire dans un but thérapeutique est de plus en plus 

utilisée chez les patients atteints de mélanome avancé, un cancer mortel issu des mélanocytes. 
L’immunothérapie du cancer tire parti de la capacité protectrice du système immunitaire et de 
sa spécificité pour éliminer la tumeur en se basant de façon générale sur la reconnaissance 
spécifique des antigènes tumoraux par les CTL (lymphocytes T cytolytiques). Cette 
reconnaissance requiert une présentation efficace de peptides antigéniques à la surface des 
cellules tumorales. 

Le but de ce travail de thèse était d’étudier les mécanismes de régulation 
transcriptionnelle des gènes qui donnent naissance aux antigènes de mélanome pour identifier 
les stratégies potentielles d’augmentation de leur répertoire et de leur niveau d’expression. 

Un groupe de gènes cancer-lignée germinale (CG) utilise la méthylation de l’ADN 
comme mécanisme de répression transcriptionnelle dans les cellules somatiques, tandis que 
l’hypométhylation du génome caractéristique des tumeurs aboutit à l’activation de ces gènes 
et à la présentation de peptides antigéniques reconnus par les CTL spécifiques. Nous avons 
exploré le potentiel de la protéine BORIS (en anglais, Brother of the Regulator of Imprinted 
sites) d’induire et/ou maintenir l’activation de MAGE-A1 (en anglais, Melanoma AntiGEn 
A1) et d’autres gènes du groupe CG dans les cellules de mélanome. L’expression de BORIS 
n’était pas une condition suffisante pour produire ces effets et, ainsi, ne peut pas servir d’outil 
pour augmenter le répertoire des antigènes de mélanome. L’analyse quantitative des transcrits 
de BORIS a révélé le profil d’expression caractéristique pour des gènes du groupe CG. 
L’activation de BORIS dans une proportion substantielle des échantillons de mélanome 
indique le potentiel de ciblage thérapeutique des antigènes dérivés de la protéine BORIS. 
L’identité de ces antigènes reste à explorer.  

La deuxième partie de cette thèse s’est focalisée sur des mécanismes de régulation 
transcriptionnelle de MITF-M, l’isoforme de MITF (en anglais, Microphthalmia-associated 
transcription factor) spécifique des mélanocytes. MITF-M est un activateur transcriptionnel 
essentiel des gènes de différenciation mélanocytaire comme MLANA, tyrosinase et gp100. 
Ces gènes codent des peptides antigéniques reconnus à la surface des cellules de mélanome 
par des CTL spécifiques. En utilisant la technologie des micro-damiers, les études 
d’expression des gènes effectués à l’Institut Ludwig pour la Recherche sur le Cancer à 
Bruxelles ont révélé la répression des gènes de différenciation mélanocytaire dans les lignées 
de mélanome traitées avec des cytokines inflammatoires. En s’appuyant sur ces observations, 
nous avons étudié les mécanismes de répression de MITF-M par la cytokine IL-1 
(interleukine 1). Cette répression, soit induite par l’IL-1 recombinante, soit permanente dans 
des lignées de mélanomes qui produisent l’IL-1 de façon constitutive, implique les voies de 
signalisation de NF-$B (en anglais, nuclear factor kappa B) et JNK (en anglais, c-Jun N-
terminal kinase). Le niveau d’expression d’IL1R1 (en anglais, IL-1 receptor 1) a été déterminé 
comme un paramètre important des modifications transcriptionnelles induites par l’IL-1. Nous 
avons également démontré in vitro que, suite au traitement par l’IL-1, des lignées de 
mélanome acquièrent une capacité réduite à activer des populations clonales de CTL qui 
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reconnaissent spécifiquement les antigènes de différenciation. Ces résultats indiquent que la 
répression des gènes de différenciation mélanocytaire par l’IL-1 produit par les cellules du 
stroma ou par les cellules tumorales représente un mécanisme additionnel d’échappement des 
tumeurs à la réponse immunitaire. 

En conclusion, notre étude a approfondi la connaissance des mécanismes de régulation 
des antigènes de mélanome et a souligné l’impact des altérations génétiques et épigénétiques 
sur les interactions entre les cellules de mélanome et le système immunitaire. Il est important 
d’explorer le potentiel qu’il y aurait à combiner l’immunothérapie avec des stratégies 
thérapeutiques visant des aberrations génétiques et épigénétiques propres aux cellules de 
mélanome.  
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Cutaneous malignant melanoma is a cancer that arises from melanocytes, which are 

specialized cells producing pigment melanin. The first report of melanoma is found in the 
writings of Hippocrates, where he described “fatal black tumors with metastases”. Although 
melanoma represents less than 5% of malignant skin tumors, it accounts for as many as 80% 
of all skin cancer deaths and its incidence rates are constantly rising 1, 2. While surgical 
excision of a primary tumor can be an effective cure, metastatic melanoma presents a 
substantial clinical challenge due to its notorious resistance to radio- and chemotherapy 1. 
There is an urgent need to explore novel therapeutic approaches based upon a thorough 
understanding of melanoma biology at the molecular and cellular levels, including melanoma 
interactions with the host organism and particularly with its immune system. 

Enormous efforts taken to unravel the molecular mechanisms that lead to malignant 
transformation of melanocytes have resulted in the development of a molecular targeted 
therapy approach, which aims to selectively inhibit signaling pathways activated by mutations 
in tumor cells. The clinical efficiency of this approach has supplanted the development of 
relatively nonspecific cytotoxic agents, whose selectivity is based on induction of cell death 
in highly proliferative cell compartments, including rapidly proliferating normal cells. 
Although targeted therapy has demonstrated remarkable clinical benefit in melanoma, the 
ablation of a single target or pathway essential for tumor proliferation does not appear to 
produce sustained growth inhibition 3. Thus, therapeutic interference with the different 
interconnected signaling pathways has been assumed to be necessary to provide the long-term 
efficiency of molecular targeted therapy 4.  

Besides molecular selectivity in tumor killing, the protective capacity of the immune 
system is employed to specifically eliminate melanoma cells 5. Demonstration of specific 
immune responses to tumor antigens 6 along with the possibility to follow the T lymphocyte 
activation during immune stimulation has opened opportunities to employ new approaches in 
the immunotherapy of melanoma 5. Harnessing the immune system to target malignancy is a 
powerful tool, not only due to the specificity of the immune response, but also due to the 
potential for establishing long-lasting antitumor immunity that constitutively eliminates tumor 
cells and prevents the outgrowth of metastases. Although different immunotherapeutic 
approaches lead to limited responses in metastatic melanoma, which often do not exceed a 
15% response rate threshold, long-term control of the disease and increased survival have 
been achieved 7, 8. However, growing tumors manage to escape the immune response, either 
spontaneous or induced by immunotherapy 5, and to promote immunosuppression 9. 
Therefore, maximizing the efficiency of immunotherapy in establishing active immunity 
against melanoma necessitates a keen understanding of the mechanisms employed by tumor 
cells to escape the immune response and to promote an immunosuppressive environment.  



Introduction 
 

 18 

 



Introduction 

 19 

I. Melanocyte biology and MITF transcription factor 
 
I.1 Melanocytes and melanogenesis 
 
Epidermal melanocytes represent about 4-5% of epidermal cells. They predominantly 

and steadily reside at epidermal-dermal junctions adjacent to the basement membrane in an 
average ratio 1:10 to keratinocytes 10, 11 (Fig. 1A). Whereas keratinocytes proliferate and 
progressively move toward the skin surface while they differentiate and keratinize, 
melanocytes are differentiated and rarely proliferating cells. Their homeostatic balance 
between differentiation and proliferation, survival and cell death is mainly controlled by 
keratinocytes via paracrine factors and intercellular contacts 12, 13. Melanocyte proliferation 
entails detachment from the basement membrane, loss of dendrites, cell division, migration 
along the basement membrane and establishment of new contacts with keratinocytes and the 
extracellular matrix 12. Besides keratinocytes, melanocytes communicate with other epidermal 
cells, such as antigen-presenting Langerhans cells, and with dermal fibroblasts 13-15.  

The main function of melanocytes is melanogenesis, which includes multiple 
biological events. The biochemical process of tyrosine conversion into biopolymer melanin 
occurs within cytoplasmic organelles called melanosomes, which display unique structural 
features. Melanosomes belong to a distinct group of lysosome-related organelles (LROs), 
adapted to serve specialized functions in several cell types 16. Unlike classical secretory 
granules, LROs share some proteins with lysosomes but seem to be derived from endosomes. 
Melanosome biogenesis entails a complex stepwise maturation process (stages I-IV), where 
the formation of a luminal matrix precedes the deposition on it of melanin 16 (Fig. 1B). Once 
matured, melanosomes themselves become melanin cargos, which are transported along 
microtubules from the cell center to actin-rich dendritic tips 17. Subsequently, melanosomes 
are transferred into adjacent keratinocytes and form cap-like structures resembling umbrellas 
over the keratinocyte nuclei 17. Each epidermal melanocyte, by virtue of its dendrites, exports 
melanosomes to about 30-40 keratinocytes in the upper layers of epidermis. In hair, a similar 
process of melanosome transfer exists, with melanosomes being passed from differentiated 
follicular melanocytes to hair cortical keratinocytes that cornify and make up the shaft of the 
hair. In contrast to skin melanocytes, melanosomes seem to be retained intracellularly in 
melanocytes of non-cutaneous locations (eye, inner ear, heart and leptomeninges) and in the 
second type of melanin-producing cells, retinal pigment epithelium (RPE) forming the cell 
layer behind the retina 17. While both types of melanin-producing cells populate the uvea 
formed by the iris, ciliary body and choroids, it is mostly the melanin content within iris 
melanocytes that contributes to the impression of eye color 18. In the stria vascularis of the 
inner ear, melanocytes are thought to maintain the level of the endolymphatic potassium 
required for the auditory nerve action potential 19.  
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I.2 MITF as master regulator of melanocyte biology 
 
Expression of numerous genes encoding enzymatic, structural and regulatory proteins 

that ensure melanogenesis is regulated by a remarkable protein, Microphthalmia associated 
transcription factor (MITF), known as transcriptional activator. MITF is the human homolog 
of the mouse mi (Mitf) gene product, cloned on the basis of a transgenic insertion into the mi 
(Mitf) locus in animals having markedly small eyes (hence the name microphthalmia), snow-
white coat color and hearing loss 20-22. MITF has been also proposed to be read as Melanocyte 
Inducible Transcription Factor, since substantial evidence points to its role as a master 
regulator of prenatal and postnatal melanocyte biology 23, 24. Since its discovery, MITF has 
been shown to regulate a broad variety of genes, whose protein products coordinate almost 
every aspect of pigment cell behavior, including melanogenesis, morphology, proliferation 
and survival 25. Genome-wide approaches have recently identified new potential MITF 
transcriptional targets 26-29. Thus, an extensive list of 42 known and 71 potential MITF targets 
has been established using a two-step DNA microarray-based approach 26, while chromatin 
immunoprecipitation (ChIP) combined with tiling promoter microarrays (ChIP-on-chip) has 
predicted 117 MITF binding sites 28. Moreover, MITF-M exerts melanocyte-specific 
transcriptional activity on the promoter of DICER, which encodes the RNase III endonuclease 
indispensable for the maturation of microRNAs (miRNAs) 29. 

 
I.2.1 The MITF gene and protein 
 
The MITF/Mitf locus of about 200 kb in length maps to chromosome 3 in human and 

chromosome 6 in mice and has a similar structure in the two species 30, 31(Fig. 2A). It encodes 
numerous MITF isoforms. Isoform MITF-M is predominantly and specifically expressed in 
melanocytes and shows 94.4 % of amino acid identity between human and mice. The 
diversity of MITF transcripts is generated by two mechanisms: alternative splicing and 
alternative initiation of transcription due to alternative promoter usage. MITF/Mitf locus 
harbors 10 alternative promoters upstream of the same number of widely spaced first exons 
that are individually spliced to exons 2-9 common to all MITF transcripts 30, 32 (Fig. 2A). The 
most proximal 1M promoter drives the expression of MITF-M transcript, in which 5’ exon 
1M is directly spliced to exons 2-9. Exon 1M encodes 11 amino-terminal amino acids of 
isoform MITF-M (Fig. 2B). The other isoforms have distinct amino termini. Six isoforms 
(MITF-A, -B, -C, -CM, -H, -MC) contain a common domain of 83 amino acid residues 
encoded by the 3’ portion of exon 1B (1B1b) and a unique domain encoded by distinct first 
exons (Fig. 2B). The first exons of MITF-D, -E and -J transcripts are non-coding and 
translation is initiated directly from exon 1B1b (Fig. 2B).  
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If distinct amino-termini may confer functional diversity to MITF isoforms, the use of 
alternative promoters with distinct transcription factor-binding motifs results in cell type-
specific expression differences and differential expression of MITF transcripts in response to 
external stimuli. In normal human epidermal melanocytes, MITF-M and MITF-A mRNAs 
represent about 80% and 18% of total MITF transcripts, respectively 33. While expression of 
MITF-M is strictly melanocyte-specific, other MITF transcripts show wider pattern of 
expression in different cell types, while being enriched in some cell lineages: MITF-A and -C 
- in the RPE; MITF-D - in the RPE and osteoclasts; MITF-CM, -MC and -E - in mast cells 31, 

32, 34-36. In cardiomyocytes, the selective induction of MITF-H expression is observed 
following !-adrenergic stimulation 37. 

In addition to the alternative usage of 5’ exons, a complex pattern of splicing has been 
described for other exons 30, 31. Noteworthy, alternative splicing occurs for exon 6a in all 
isoforms leading to production of isoforms with inclusion (+) or exclusion (-) of amino acids 
ACIFPT upstream of the DNA-binding basic domain 38, 39. In cultured human and mouse 
melanocytes, MITF (+) transcripts are more abundant than MITF (-) transcripts (<10% of total 
MITF mRNA) and give rise to protein products of 419 or 413 amino acids, respectively 40. 

A number of potential miRNAs target sites were found within the 3’ untranslated 
region (3’UTR) of MITF 30, hence providing an additional level of post-transcriptional MITF 
regulation (Fig. 3A). Several miRNAs have been reported to negatively affect MITF mRNA 
expression, such as miR-96, miR-137, miR-148, miR-182 and miR-340 41-45. Candidate 
miRNAs that may be specific to the melanocytic lineage have been predicted by deep 
sequencing of small RNA libraries 46. Importantly, alternative cleavage and polyadenylation 
generates MITF transcript variants, which have 3’UTR of different length and may be thus 
differentially targeted by miRNAs 44 (Fig. 3A). In normal human melanocytes, more than a 
half of the MITF mRNA pool is represented by transcripts containing long 3’UTR of 3 kb in 
length 44. In addition, the presence of AU-rich elements (ARE), namely one nonamer motif 
UUAUUUAUU (Fig. 3A) and eight pentamers of AUUUA, in the 3’UTR of MITF mRNAs 
might modify their stability regulated via RNA-binding proteins 47. 

MITF is a member of the family of basic helix-loop-helix leucine zipper (bHLH-LZ) 
transcription factors. All MITF isoforms share a basic DNA-binding domain (b), a helix-loop-
helix (HLH) motif involved in DNA binding and dimerization as well as a leucine zipper 
domain (LZ) providing additional dimerization elements (Fig. 2B, 3B). The basic domain of 
19 amino acids is encoded by exons 6b and 7 of MITF and allows MITF homodimers to bind 
target DNA regulatory regions containing consensus Enhancer box (E-box) CANNTG motif, 
preferentially CA(C/T)GTG 25. Binding affinity and transcriptional activity, which might 
depend on specific promoter context, seem to be higher for MITF (+) than for MITF (-) 
isoforms 48, 49. Among four acidic transactivation domains, the activation domain 1 (AD1) 
encoded by exon 4 is better characterized than AD2, AD3 and AD4, which are encoded by 
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exons 5, 9 and MITF-A-specific exon 1A, respectively 30 (Fig. 2B, 3B). MITF protein is a 
subject to numerous post-translational modifications (Fig. 3B). Phosphorylation can decrease 
MITF stability and/or increase its transcriptional activity 50-52. In addition, ubiquitination 
marks MITF for degradation 53 and sumoylation affects DNA binding specificity 54, 55. 

 
I.2.2 Germline MITF mutations 
 
Mutations of human MITF are associated with auditory-pigmentary syndromes such as 

a MITF-linked subset of type 2 Waardenburg Syndrome (WS2) and the highly related Tietz 
syndrome 56. WS is named after the Dutch ophthalmologist Petrius Waardenburg, who first 
noticed that people with different colored eyes (heterochromia irides) and hypopigmented 
white patches in skin and hair often had a hearing impairment. With prevalence estimated to 
be 1/42,000-1/100,000, WS is responsible for 1-3% of total congenital deafness 57. Within 
clinically and genetically heterogeneous WS, heterozygous MITF mutations are estimated to 
occur in about 15% of WS2, termed WS2A 57. MITF mutations generally produce a 
dominantly inherited phenotype and can occur de novo 57. To date, 21 MITF mutations have 
been described. Two of them lead to exon 1M splicing alterations, while most of the others 
are located in exons 6 to 8 encoding the bHLH-LZ motif and likely affect all MITF isoforms 
56. In Tietz syndrome, mutations in the basic domain have been documented, including the 
exact equivalent of the mouse microphthalmia mutation ("R217), and have been proposed to 
exert a dominant negative effect by sequestrating wild-type MITF in dimers deficient in DNA 
binding 58. Haploinsufficiency appears to be a mechanism underlying WS2A, where the 
amounts of functional wild-type dimers encoded by the normal allele are insufficient, whereas 
the mutated allele gives rise to MITF truncation (for instance, R214TER) or affects HLH or 
LZ motifs leading to impaired MITF dimerization 58. Thus, patients with Tietz syndrome have 
a more severe phenotype, with profound deafness being a constant feature, while patients with 
WS2A exhibit hearing defects of variable severity in about 70% of cases. The sensorineural 
hearing loss reflects the loss of melanocytes in the inner ear. Whereas patients with Tietz 
syndrome generally have uniform skin depigmentation (patients are born “snow white”) and 
vivid blue eyes, WS2 patients have patchy depigmentation areas in 10-20 % of cases and in 
about one third of cases exhibit heterochromia irides, white forelock or premature hair 
graying 56. In mice, more than 25 either semi-dominant or recessive mutant alleles of Mitf 
have been described 59. All mutants have reduced or absent pigmentation due to a various 
degree of melanocyte loss. Mitf homozygous mutant mice are completely white and deaf, 
reflecting absence of melanocytes in the skin and the inner ear, whereas other cell types are 
also affected, such as osteoclasts, mast cells, natural killer cells and RPE 59. The abnormalities 
in the development of the RPE, which shows hyperproliferative and unpigmented phenotype, 
lead to defects in the expansion of the eye ball and hence to small eyes (microphthalmia) 60. 
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I.2.3 Regulation of melanocyte biology by melanocyte-specific MITF-M isoform 
 
I.2.3.1 Regulation of melanogenesis  
 
If the search of target genes for transcription factors often represents the Holy Grail, 

potential downstream targets of MITF-M isoform, called MITF herein later in the text, could 
be predicted by combining transcription factor binding information and observation of 
pigmentation phenotypes. Thus, mutations in genes encoding proteins with specialized 
function in melanogenesis are generally associated with hypomelanotic/amelanotic disorders, 
in which melanocyte function is reduced or absent, but viability is not affected 61. When the 
viablility of melanocytes is affected, their reduced/absent number is observed in 
hypomelanocytic/amelanocytic disorders, such as WS 61. The genes essential for the viability 
of melanocytes may be critical for the viability the whole organism, thus their regulation and 
function are difficult to find out in melanocytes. Much of melanogenesis comprehension came 
from studies in mice due to the viable and visible phenotype of mouse coat color mutants 62.  

The default of melanin synthesis within viable melanocytes is observed in albinism 
characterized by variable loss of pigmentation in the eye, hair and skin. Impaired retina 
development due to defective function of neighboring RPE causes significant vision problems 
61. To date, five types of albinism have been characterized in humans and mapped to distinct 
pigment-related loci. Types 1 to 4 of oculocutaneous albinism (OCA) are associated with 
genetic mutations that affect, either directly (in OCA1) or indirectly (in OCA2-4), the activity 
of Tyrosinase (TYR), the rate-limiting enzyme in melanin synthesis 61, 63. Its transcriptional 
regulation, post-translational activation and degradation process are the key regulation points 
targeted in melanogenesis defects. Mutations in OA1 (also known as GPR143) are associated 
with type 1 ocular albinism (OA1), an X-linked disorder characterized by severe visual 
abnormalities, mild or absent cutaneous changes and the presence of macromelanosomes 
within pigment cells 64-66. As biogenesis of melanosomes is closely related to biogenesis of 
LROs, mutations that affect LRO function often produce phenotypes similar to OCA, but 
exhibit additional systemic clinical manifestations 61.  

The early studies on transcriptional regulation of genes encoding melanogenic 
enzymes have anticipated the existence of common transcription factors binding to elements 
shared between promoters of TYR and of two genes encoding tyrosinase-related proteins 
(TYRP), namely TYRP1 and TYRP2, also known as dopachrome tautomerase (DCT) 67 (Fig. 
4A). Indeed, the promoter regions of these genes were found to contain a common motif 
AGTCATGTGCT named M-box 67. The core element of M-box CATGTG corresponds to 
the consensus sequence of the E-box motif, which is flanked by either a 5’T and/or 3’A 25, 67. 
MITF gene was isolated soon after and its protein product represented a suitable candidate to 
exert transcriptional control of melanocyte-specific genes by binding to M-boxes. 
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Furthermore, the expression of MITF-M isoform exclusively in melanocytes explained the 
cell type-specific regulation of these genes. Subsequently, MITF binding affinity and 
transactivating potential within promoters of melanocyte-specific genes have been extensively 
studied in different cellular models. Thus, electrophoretic mobility shift assays (EMSA), 
mutational analysis, gene reporter and ChIP assays have revealed three functional MITF 
binding sites within TYR promoter: one M-box located at positions -103 to -94 with respect to 
the transcription start site (TSS) and two E-box motifs at the initiator (position -12 to -7) and 
at the tyrosinase distal element (TDE; position -1858 to -1846) 67-72. Similar experimental 
approaches demonstrated the role of MITF in the transcriptional activation of TYRP1 and 
DCT 69, 73-75. MITF appears to be required, but not sufficient for TYR and TYRP1 
expression76. A Mitf dominant negative mutant lacking the activation domain strongly 
inhibited the expression of TYR and TYRP1 proteins and reduced the activity of exogenous 
TYR promoter by about 75% 76. MITF overexpression has not resulted in induced expression 
of endogenous TYR and TYRP1 in human melanocytes and murine melanoma cells 76. 

TYRP1 (536 aa) and DCT (552 aa) share the main structural features with TYR (529 
aa) and follow similar trafficking pathways before being sorted to stage II melanosomes as 
mature melanogenic enzymes 77. Newly synthesized proteins undergo processing in the 
endoplasmic reticulum (ER) and trans-Golgi network (TGN) by resident enzymes and 
chaperons to become mature glycosylated proteins having apparent molecular weight of about 
70-80 kDa 78. Mutations in TYR and TYRP1, which are associated, respectively, with OCA1 
and OCA3, result in retention of misfolded proteins in ER and degradation by proteasomes 78, 

79. Moreover, post-Golgi degradation of TYR occurs via the endosomal/lysosomal system 78. 
A half-life of TYR is more than 12 hours in melanocytes and may exceed 24 hours in 
pigmented melanoma cell lines or be less than 3 hours in amelanotic melanoma cells 80, 81. 
Long amino-terminal domains that face the melanosome lumen ensure the catalytic activity of 
melanogenic enzymes, which control the quantity (TYR) and the quality (TYRP1, DCT, 
TYR) 77 of melanin types (Fig. 4A). Individual melanocytes typically synthesize both yellow-
red pheomelanin and brown/black eumelanin. Their ratio is determined by the expression of 
melanogenic enzymes and the availability of tyrosine and cystein in the cell 77.  

The TYR trafficking appears to be altered at the post-Golgi level in OCA2 and OCA4, 
which are associated with mutations in genes P (for pink-eye dilute mutant in mice) and 
SLC45A2 (solute carrier family 45, member 2), respectively 82, 83. Both P-protein (838 aa) and 
SLC45A2 (530 aa) have 12 predicted transmembrane domains and are thought to be 
melanosomal integral membrane proteins displaying similar roles in sorting of melanogenic 
enzymes to melanosomes and in maintaining intramelanosomal ionic equilibrium 82-85. 
SLC45A2, also known as AIM1 (antigen isolated from immunoselected melanoma) and MATP 
(membrane-associated transporter protein), has been found to be positively regulated by 
MITF at the transcriptional level 86.  
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The proteins involved in melanosome biogenesis include gp100 (also known as 
Pmel17 or silver) and Melan-A (for melanoma antigen A; also known as MART-1, melanoma 
antigen recognized by T cells 1) encoded by gp100 (SILV) and MLANA, respectively 87-89. 
Based on ChIP and EMSA assays, MITF has been suggested to directly bind E-box elements 
within the first intron of gp100 (CATGTG, positions +479 to +484) and in the MLANA 
promoter region (CACGTG, positions -609 to -604) 90. Mutational analysis revealed a 
predominant role of these elements in mediating MITF-dependent transactivation of gp100 
and MLANA in gene reporter assays 90. Furthermore, forced expression of MITF in melanoma 
cell lines resulted in about 2-fold higher levels of endogenous gp100 and MLANA transcripts. 
The expression of gp100 and MLANA has decreased by 90-100% from basal expression levels 
when dominant negative mutant of MITF ("R217) has been overexpressed 90. Consistently, 
gp100 and Melan-A protein levels have increased in the presence of overexpressed wild-type 
MITF and decreased in the presence of dominant-negative MITF 90. In EMSA assays, 
enhanced or disrupted MITF binding to gp100 and MLANA has accompanied an increased or 
decreased expression of gp100 and Melan-A 90. 

Consistent with their function in melanosome biogenesis, gp100 and Melan-A follow 
trafficking pathways distinct from melanogenic enzymes and are detected in melanosomes 
from the first stages of maturation 16, 91, 92 (Fig. 4B). Gp100 is a major component of a fibrillar 
sheet structure in melanosomes. Its expression is necessary and sufficient for fibril formation 
and acquirement of melanosome shape, while Melan-A appears to associate with gp100 and 
to modulate its function by poorly elucidated mechanisms 16, 93. Thus, Melan-A 
downregulation mediated by specific siRNAs has been accompanied by reduced gp100 
stability and decreased efficiency of gp100 trafficking to early melanosomes and gp100 
processing 93. The newly synthesized gp100 traffics through the secretory pathway as a 100-
kDa protein termed P1, and is converted into the larger 120-kDa glycosylated form named P2 
92. At least a fraction of the mature form is cleaved into a C-terminal M! fragment and an N-
terminal 90-kDa M# fragment, which serves as a basis for the fibril formation in stage I 
melanosomes 92 (Fig. 4B). Melan-A (118 aa) is an integral membrane protein with apparent 
molecular weight of 22-24 kDa. Melanosomal Melan-A accounts for 12% of its total cellular 
pool. In addition, Melan-A is detected in TGN, small vesicles and tubules 91. It is modified by 
acylation, palmitoylation and ubiquitination 91. Ubiquitination targets Melan-A for proteolysis 
in lysosomes or proteasomes 91. The observed half-lives of Melan-A and of the newly 
synthesized form of gp100 (P1) are about 4-5 hours 91 and 2-3 hours 92, 93, respectively. 

Polymorphisms within numerous MITF target genes have been associated with 
various pigmentation phenotypes 25, 94. For instanse, MC1R encodes melanocortin 1 receptor 
(MC1R), a seven transmembrane domain G-protein coupled receptor (GPCR) expressed on 
the melanocyte surface, harbors highly polymorphic coding region 95. Several of more than 70 
identified allelic variants are associated with “red hair color” phenotype defined by red hair, 
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fair skin, inability to tan and propensity to freckle 94. This phenotype results from the 
prevalence of pheomelanin over eumelanin production, since MC1R harboring particular 
amino acid substitutions weakly induces eumelanin synthesis 96. Whereas, in dark skin, 
eumelanosomes are distributed individually in keratinocytes and remain intact throughout the 
epidermis, spheroid-shape pheomelanosomes are clustered above keratinocyte nuclei in fair 
skin and progressively degrade to ‘‘melanin dust’’ in upper layers of the epidermis 97. 
Eumelanin is more stable and better protects epidermal cells from DNA damage induced by 
solar ultraviolet radiation (UVR) 98. Besides acting as an UVR-absorbing and scattering 
sunscreen, eumelanin binds reactive oxygen species (ROS) and mutagenic intermediates of 
melanin biosynthesis that would otherwise favor DNA damage 98, 99. The leakage of the toxic 
by-products of melanin production into the cytosol is prevented by the melanosome 
membrane and by wrapping of defective melanosomes by autophagosomes 100. 

 
I.2.3.2 Regulation of melanogenesis in the course of the physiological response to 

ultraviolet radiation 
 
Numerous keratinocyte-to-melanocyte signaling pathways regulating melanogenesis 

after UVR exposure converge on MITF (Fig. 5). Kinetic immunohistochemical studies of 
MITF expression in skin biopsies have demonstrated its induction within the first day of UVR 
exposure; increase up to 1 week, when TYR, gp100 and Melan-A expression levels are 
maximal; and decrease to baseline constitutive levels by week 3, when levels of melanogenic 
proteins, melanin content and the dendricity of melanocytes are two to three times higher than 
before UVR exposure 101. Keratinocytes are primary cells that “perceive” UVR-mediated 
DNA damage and acivate p53, which induces genes relevant to keratinocyte-to-melanocyte 
signaling, such as pro-opiomelanocortin (POMC) 102-105. The POMC polypeptide is cleaved to 
produce #-melanocyte stimulating hormone (#-MSH), adrenocorticotropic hormone (ACTH) 
and !-endorphin 102. Binding of #-MSH to MC1R induces production of cyclic AMP (cAMP), 
which controls melanogenesis via distinct signaling pathways 106 (Fig. 5). First, activated 
protein kinase A (PKA) phosphorylates Ser-133 of cAMP-responsive element binding protein 
(CREB) transcription factor, which forms homodimers binding the cAMP-responsive element 
(CRE) of the 1M promoter of MITF 107, 108. Second, via a PKA-independent mechanism, 
cAMP promotes an activation of glycogen synthase kinase 3! (GSK3!), which 
phosphorylates MITF on Ser-298, increasing its binding to the M-box of the TYR promoter 52, 

109 (Fig. 5). A dominant negative mutant of MITF lacking the activation domain inhibited 
cAMP-induced stimulation of TYR expression 107. Moreover, MITF-M can induce expression 
of protein kinase C-! (PKC-!), which can phosphorylate the cytoplasmic domain of TYR 
leading to a 2.5-fold higher enzyme activity 110, 111. Finally, MC1R stimulation and increased 
cAMP production lead to activation of the RAS-RAF-MEK-ERK pathway 112 (Fig. 5).  
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Importantly for melanocyte biology and pathology, stimulation of other GPCRs than 
MC1R, for example the endothelin receptor B (EDNRB), as well as of numerous receptor 
tyrosine kinases (RTKs), such as KIT and MET, leads to the activation of the ERK pathway 
(Fig. 5). This pathway, together with the JNK and p38 pathways, represents one of the MAPK 
(mitogen-activated protein kinase) signaling cascades, which control major cell fate decisions, 
including proliferation and survival 113, 114 (Fig. 6). BRAF appears to be responsible for 
coupling RAS signals to MEK in melanocytes in response to cAMP signaling 115. The 
phosphorylation and activation of ERK2 lead to phosphorylation of MITF at Ser-73 and, via 
phosphorylation and activation of p90RSK, to MITF phosphorylation at Ser-409, both 
modifications resulting in higher transcriptional activity of MITF within target promoters, 
notably that of TYR 50, 51, 112, 116, 117 (Fig. 5). Furthermore, p90RSK phosphorylates CREB at Ser-
133 118, and hence might induce MITF transcription. However, MITF phosphorylation at Ser-
73 and Ser-409 is followed by protein ubiquitination at Lys-201 and subsequent degradation 
by proteasomes 51, 53. In contrast to the signaling events mediated by GPCRs, the RTK-
mediated signaling weakly stimulates melanogenesis 119, 120. The respective ligands of 
EDNRB, KIT and MET receptors: endothelin-1 (EDN1), stem cell factor (SCF) and 
hepatocyte growth factor (HGF) are released by keratinocytes and/or fibroblasts following 
UVR exposure. The induced expression of these proteins has been reported to last in human 
skin from days to weeks 103, 121, 122. Transcription of EDNRB, KIT and MET in melanocytes can 
be activated by MITF itself 119, 120, 123. In conclusion, MITF is regulated in two ways after UVR 
exposure: via direct phosphorylation of MITF protein and via upregulation of MITF mRNA 
expression, which may compensate to some extent for MITF degradation. 

Besides the cross-talk between the ERK signaling and MC1R-stimulated cAMP 
signaling, the specificity in melanogenesis regulation may be provided by other mechanisms. 
To induce MITF-M transcription by binding to the CRE within the 1M promoter of MITF, the 
ubiquitously expressed CREB appears to require SOX10, which is expressed in a limited 
number of cell lineages derived from the neural crest, including melanocytes 124 (Fig. 5, 7). 
SOX10 belongs to the SOX (SRY-type HMG box) family of transcription factors, which 
share DNA binding high-mobility-group (HMG) domain 125. SOX10 can act synergistically 
with the transcription factor PAX3 (paired box 3) to activate MITF-M transcription 126, 127. 
Within 1M MITF promoter, one of the SOX10 binding sites is situated immediately 5’ of the 
more distal of the two PAX3 binding sites (PAX3-1 and PAX3-2), which are both critical for 
MITF expression 126, 127 (Fig. 7). This SOX10 binding site has been shown to overlap with the 
binding site for SOX9. SOX9 upregulation by cAMP pathway is accompanied by stimulation 
of MITF expression in melanocytes 128. Whether SOX9 mediates its control of melanogenesis 
independently or in parallel with SOX10 remains to be elucidated. In addition, SOX10 
enhances transcription from the 1M MITF promoter via the MITF distal enhancer (MDE) 
located about 15 kb upstream of the TSS and containing two SOX10 binding sites 129. 
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The transcriptional activation of MITF-M following cAMP signaling has been found 
to depend on the !-catenin binding via LEF-1 sites to the 1M promoter of MITF 130 (Fig. 7). It 
has been suggested that !-catenin cooperates with CREB to induce MITF-M transcription 130.  

PAX3 is also thought to mediate the induction of MITF expression in response to 
UVR. Immunohistochemical analysis of human skin has demonstrated increased expression 
of PAX3 in the nuclei of epidermal melanocytes 3-6 hours after UVR exposure 104, 131. In 
cultured melanocytes, TGF-! has been shown to negatively regulate PAX3 transcription 
through phosphorylated Smad4 104. This mechanism is potentially employed for homeostatic 
downregulation of PAX3 and MITF in the absence of UVR exposure 104. Since secretion of 
TGF-! by keratinocytes has been reduced following UVR exposure via a p53-mediated 
mechanism, relief of the PAX3 downregulation has been suggested to contribute to UVR-
mediated MITF upregulation 104 (Fig. 5). 

Ubiquitously expressed bHLH-LZ transcription factor USF-1 (upstream stimulatory 
transcription factor 1) phosphorylated on Thr-153 by UVR-activated p38 kinase has been 
shown to stimulate transcription of POMC, MC1R, TYR, TYRP1 and DCT in melanocytes 132, 
while the subsequent acetylation of this protein on Lys-199 abrogates its transactivating 
capacity 132. In addition, the activation of p38 signaling by #-MSH has been shown to 
promote the degradation of melanogenic enzymes 133. 
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I.2.3.3 MITF transcriptional targets control proliferation and survival 
 
The differentiation of specialized cells is often linked to the cell cycle arrest. 

Nevertheless, differentiated melanocytes apparently maintain the capacity to proliferate. Thus, 
2-3 times higher melanocyte density is observed at epidermal-dermal junctions after UVR 
exposure 101. Coordinate regulation of melanocyte differentiation and proliferation may be 
provided by MITF, which, paradoxically, is able to exert both anti-proliferative and 
proliferative activities. On one hand, MITF can drive cell cycle arrest via upregulation of 
cyclin-dependent kinase (CDK) inhibitors, such as p21, also known as CDK inhibitor 1A 
(CDKN1A), and p16 encoded by CDKN2A locus 134-136 (Fig. 8A, B). MITF protein interacts 
with hypophosphorylated retinoblastoma protein-1 (RB1) to cooperatively stimulate p21 134. 
On the other hand, MITF can promote cell cycle progression by inducing expression of a 
critical cell cycle regulator CDK2 (cyclin-dependent kinase 2), and that of TBX2 (T-box 
protein 2), whose protein product represses p21 transcription 137, 138. Through transactivation 
of diaphanous-related formin (DIAPH1), MITF can also promote the degradation of CDK 
inhibitor 1B (CDKN1B), also known as p27 139 (Fig. 8C). 

Given a low proliferative capacity of melanocytes, maintaining their survival is of 
particular significance for photoprotection. Whereas, after excessive UVR exposure, apoptotic 
keratinocytes (‘sunburn cells’) are quickly shed and replaced, epidermal melanocytes must 
continue to synthesize melanin to protect skin cells from subsequent damage. MITF appears 
to control the balance between survival and apoptosis of melanocytes. Thus, the enhanced 
level of cell death observed in Mitf-deficient compared to Mitf-expressing melanocytes points 
to the amount of functional Mitf as a primary determinant of resistance to UVR-induced 
apoptosis 140. The propensity of Mitf-deficient melanocytes to undergo UVR-induced 
apoptosis has been accompanied by decreased ratio between anti-apoptotic protein Bcl2 (B-
cell lymphoma 2) to pro-apoptotic protein Bad (Bcl2 antagonist of cell death) 140. MITF 
promotes melanocyte survival through direct transcriptional activation of BCL2 141 and BIRC7 
(Baculoviral IAP (inhibitor of apoptosis) repeat-containing protein 7) 142. In addition, MITF-
induced expression of MET favors HGF-mediated signaling that protects melanocytes from 
apoptosis 119, 123, 141. Furthermore, MITF promotes survival under oxidative stress via induced 
expression of apurinic/apyrimidinic endonuclease 1/redox factor-1 (APEX1/Ref1) 143. 
Moreover, APEX1 protein interacts with CREB and activates hypoxia inducible factor 1 # 
(HIF-1#), another MITF transcriptional target 144. 

To recapitulate MITF activities in relation to melanocyte differentiation, proliferation 
and survival, a “rheostat” model of relationship between MITF dosage and cellular fate has 
been proposed. Thus, high MITF expression levels would favor cell cycle arrest and 
differentiation, intermediate levels would promote proliferation and survival, whereas low 
levels would lead to cell cycle arrest and apoptosis 139, 145 (Fig. 8D). 
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I.2.4 MITF expression is essential for melanocyte development  
 
Melanoblasts, unpigmented melanocyte precursors, derive from the neural crest in the 

second month of human embryonic life, undergo proliferation and are thought to migrate 
mostly via the dorso-lateral pathway throughout the developing embryo to its ventral part 146, 

147 (Fig. 9A). However, recent developmental studies in model organisms, such as mouse and 
chicken, suggest that neural crest derivatives that migrate via the ventral pathway may also 
give rise to melanocytes 148, 149. These melanocytes would arise from the Schwann cell 
precursors (SCPs) of the growing nerves 148, 149 (Fig. 9A). Following migration, melanoblasts 
reach at 15-18 weeks of human embryogenesis their final destinations, mainly the basal layer 
of the epidermis where they complete the differentiation process to form pigment-producing 
melanocytes 147. Studies carried out mostly in mouse models suggest that melanoblasts 
colonizing the developing hair follicles remain undifferentiated in the hair bulge as 
melanocyte stem cells (MSCs) 150 (Fig. 9B). During the growth phase of the hair follicle cycle, 
MSCs give rise either to daughter stem cells or to cells that migrate to the bulb hair region 
and differentiate into mature melanocytes 150 (Fig. 9B).  

Developmental studies have shown that some genes (components of the Wnt signaling 
pathway, Slug, Sox9, Sox10, Pax3, Ednrb, Notch) are essential for the development of 
multiple neural crest derivatives, including neurons, glial cells and melanocytes 151. However, 
melanocyte lineage cells appear in particular require Mitf for their development. Mitf is 
already expressed in neural crest-derived cells before their migration and is considered, 
together with Kit and Dct, to be a melanoblast marker. Melanoblasts expressing Mitf mRNA 
have initially emerged in mice carrying homozygous mutation of Mitf and survived 2 days in 
vitro 152. If these melanoblasts had to persist more than 2 days, the expression of a functional 
Mitf has been required 152. In mice carrying heterozygous mutation of Mitf, melanoblasts were 
reduced in numbers and proliferated faster during the migratory phase in vivo, pointing to the 
dosage dependence on Mitf and suggesting its inhibitory role on proliferation 153. These 
observations in mouse models as well as the loss of melanocytes documented in patients with 
WS2 suggest critical role of MITF in melanoblast survival, proliferation and/or inhibition of 
transdifferentiation towards other neural-crest lineages. Whether MITF function is required 
continuously or at particular stages of melanocyte development remains to be elucidated. Of 
known MITF targets, DICER has been proposed to be required for survival of post-migratory 
melanoblasts or differentiating melanocytes 29, while the postnatal survival of MSCs is 
thought be regulated by MITF via transcriptional activation of BCL2 154. 

Consistently with the absolute importance of Mitf for melanocyte development, its 
expression and activity appear to be tightly regulated. Activation of Mitf expression has been 
proposed to require the release of transcriptional repression exerted by Foxd3 transcription 
factor, which has prevented Mitf activation by Pax3 155. When Foxd3 is no longer expressed, 
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Sox10 and Pax3 may activate Mitf expression by binding to the 1M Mitf promoter (Fig. 7). 
The 1M promoter of Mitf is also a direct target of Lef-1 (lymphoid enhancer factor-1) 
transcription factor in response to nuclear translocation of !-catenin following activation of 
the Wnt/!-catenin signaling pathway 156. Moreover, MITF interaction with LEF-1 might lead 
to activation of its own expression mediated via three LEF-1 binding sites in the 1M promoter 
of MITF 157, 158 (Fig. 7). This might ensure efficient expression of MITF in melanoblasts at 
certain developmental stages 158. Wnt1 and Wnt3a ligands likely serve as activators of the 
Wnt/!-catenin signaling pathway in vivo, since their disruption in double-knockout mice has 
resulted in a dramatic reduction of several neural crest derivatives, including melanoblasts 159. 

 Remarkably, many genes involved in melanocyte development encode proteins that 
constitute a common signaling network with MITF as a central unifying factor. The evidence 
of a “MITF network” comes from a striking overlap between the “core” 
hypopigmentation/deafness phenotype observed in patients with WS2A and phenotypes 
characteristic of other types of WS, in which “core” phenotype is accompanied by specific 
developmental defects due to impairment of distinct neural crest lineages 56. “Guilty” factors 
identified as genetic causes of WS are either MITF transcriptional regulators (PAX3, 
SOX10), its transcriptional targets (SLUG, EDNRB) or belong to a common signaling 
pathway (EDN3, EDNRB) 56. Some other factors have been linked to the “MITF network” via 
genetic studies. Thus, mutations in genes encoding KIT, its ligand SCF and transcription 
factor SLUG have been described in a rare autosomal dominant pigmentation disorder known 
as piebaldism, which is more commonly represented by ventral depigmented (melanocyte-
free) areas of skin 61. Some other transcription factors, like brain-2/POU class 3 homeobox 
transcription factor 2 (BRN2/POU3F2) or ONECUT-2 (OC-2), have been demonstrated to be 
transcriptional regulators of MITF in vitro, and can be potentially implicated in its regulation 
in vivo at certain stages of melanocyte development 160, 161 (Fig. 7).  

The relevance of post-translational MITF modifications in melanocyte development is 
not completely elucidated. A substitution of Ser-298, which is targeted by GSK3!-mediated 
phosphorylation, to Pro-298 has been associated with WS2, suggesting the functional 
importance of this modification in melanocyte development 52. Other modifications were 
either not studied in vivo or have been demonstrated to be dispensable for proper melanocyte 
development, such as Ser-73 and Ser-409 phosphorylation 162. 

Once initiated, the maintenance of MITF expression would ensure a continued 
differentiation of the melanocyte lineage cells. Interestingly, SOX10, PAX3, LEF-1 and !-
catenin transcription factors could act in a feed-forward circuit as they first activate MITF and 
then, together with MITF, regulate its transcriptional targets involved in melanogenesis 75, 157, 

163-165. The cooperative action of different sets of transcription factors within promoters of 
MITF target genes might be one of the factors determining temporal differences in activation 
of Dct, Silv, Tyrp1, Mlana and Tyr in melanocyte lineage cells 166-168. 
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I.2.5 Role of epigenetic mechanisms in establishment and maintenance of 
melanocyte identity  

 
I.2.5.1 Epigenetics and cellular identity 
 
The establishment of melanocyte identity during development requires the specific 

spatial distribution of melanocyte lineage cells within the developing organism accompanied 
by temporal regulation of gene expression patterns characteristic to each developmental stage. 
While some genes would be progressively activated to adjust the gene expression pattern 
towards a new fate upon differentiation, other genes would be stably silenced throughout cell 
generations to secure the acquired fate. These changes in gene expression occur through 
inductive mechanisms via extracellular signaling and through autonomous mechanisms, 
independent of signaling or mechanic interaction with other cells. As a result, melanocyte 
lineage cells having identical genotype would exhibit distinct gene expression profiles at 
different developmental stages. Once differentiated, melanocytes need to maintain their gene 
expression pattern and the associated phenotype in order to perform their specialized function. 
Thus, genes encoding proteins with housekeeping and specialized functions should be kept 
on, while genes encoding proteins specific to other cell types should be kept off following cell 
division. Such mitotic inheritance of gene expression profiles is often referred to as epigenetic 
169. It was developmental biologist Conrad Waddington who first coined this term and initially 
destined epigenetics to study the mechanisms that use the information of the genotype to 
bring the phenotype into being 170. Following a shift in semantic definition of epigenetics, its 
main focus has become the mechanisms of inheritance that do not alter the genotype 169.  
Nowadays, epigenetics is defined as the study of any potentially stable and heritable change 
in gene expression that occurs without altering the primary DNA sequence 171. An epigenetic 
layer of information can be potentially transmitted through mitosis, meiosis and in some cases 
transgenerationally. The sum of epigenetic information that can be applied to genome by 
adding chemical marks either to DNA or histone proteins is termed the epigenome. While 
most differentiated cell types possess the same genetic background, their epigenomes 
established during development differ. Furthermore, epigenome is dynamically regulated 
through the cell cycle and in response to extrinsic stimuli 172, 173. Importantly, some epigenetic 
marks, for instance certain histone modifications, reflect short-term instructions and can 
quickly revert in response to a signal, while others, such as DNA methylation, exert long-term 
instructions that might be inherited independently of the initial trigger and contribute to 
cellular memory 172. 

The central role of MITF in the establishment and maintenance of melanocyte identity 
raises a fundamental question concerning the specificity of its binding within promoters of 
target genes in order to exert their spatial and temporal regulation. Assuming uniform 
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nucleotide distribution, a transcription factor like MITF recognizing a hexanucleotide E-box 
motif has about 1.6 millions binding sites in the diploid genome of a melanocyte lineage cell 
containing about 6600 Mb of DNA. Whereas the extension of the recognition motif to the M-
box, differences in sequences flanking the recognition motif, signal transduction-mediated 
post-translational MITF modifications and its cooperative interactions with other transcription 
factors could partly answer the question of how binding specificity is generated, some other 
mechanisms should operate to restrict the ability of MITF to activate transcription to a subset 
of promoters. 

Chromatin organization provides an essential mechanism ensuring binding specificity, 
since DNA wrapped around histones exhibits limited accessibility for binding of transcription 
factors and DNA-metabolizing enzymes. Chromatin structure allows directing the regulatory 
proteins to functionally relevant regions, which represent only a small proportion of the 
human genome. Thus, only 1.2% of the human genome encodes proteins, while a larger part 
of it (about 15%) is transcribed producing additionally to mRNA a large repertoire of short 
and long non-protein-coding RNAs 174. Moreover the transcriptional machinery is challenged 
to a multifunctional usage of the same genomic space, such as alternative use of distal 5’ 
promoters or production of overlapping transcripts from the same or opposing DNA strands 
174. The concept that genome complexity requires additional repressive mechanisms to 
enhance specificity of transcription initiation is supported by the evolution of epigenetic 
mechanisms, which, on one hand, promote transcriptional repression, and, on the other hand, 
ensure the fidelity of the transcriptional activation 175. Thus, prokaryote-to-eukaryote 
transition was paralleled by the appearance of nucleosomes, structural and functional 
chromatin units connected by linker DNA (of about 38 bp in length in humans) to form 10 nm 
chromatin fibers 175. Nucleosomes are considered as general transcriptional repressors, since 
147 bp of nucleosomal DNA, which is wrapped 1.75 turns around an octamer of core 
histones, are barely accessible to binding by the transcriptional machinery (Fig. 10A). Post-
translational modifications of amino-terminal tails of core histones regulate changes in 
chromatin condensation and, consequently, DNA accessibility 171 (Fig. 10B). The 
maintenance of silent and active expression states of genes during development is under the 
control of, respectively, Polycomb group (PcG) and Trithorax group (TrxG) proteins, which 
underwent marked expansion over evolutionary time 176. And last but not least, DNA 
methylation (Fig. 10C) is thought to have evolved as a genome defense mechanism known as 
the restriction-modification system in bacteria and to have steadily acquired gene regulation 
function, thus becoming an essential mechanism of transcriptional repression 177. Consistently, 
vertebrate genomes are dominated by methylated DNA and exhibit a global DNA methylation 
pattern in contrast to mosaic pattern of invertebrate genomes, wherein methylated and 
unmethylated domains occur in approximately equal proportions 177. 
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I.2.5.2 DNA methylation 
 
In mammalian genomes, cytosine methylated at the fifth carbon position (5mC) 

constitutes $1% of all DNA bases and is found almost exclusively within 5’-CpG-3’ 
dinucleotides symmetrically methylated on both DNA strands 177 (Fig. 10C). CpG 
dinucleotides are found at about one fifth of the expected frequency in the human genome 178, 
supporting the notion that CpG sites have been lost during evolution due to increased 
mutability of 5mC to thymines 179. The DNA methylation pattern, defined as the methylation 
status of CpG dinucleotide series located in cis on a single DNA strand, is represented by long 
tracts of methyl-CpG containing DNA, which are occasionally punctuated by unmethylated 
regions 0.5-5 kb in length called CpG islands 177. The human genome contains about 30 000 
of such “islands” 178, which represent a discrete genome fraction in several respects. While the 
majority of the genome is enriched in A and T nucleotides (~60%) and has methyl-CpGs 
approximately every 100 bp within and outside of gene bodies, CpG islands are rich in G and 
C content (~65%) with CpG sites occurring approximately every 10 bp 180. Furthermore, CpG 
islands are unevenly distributed throughout the genome and co-localize with the 5’-UTR 
region and the first exon of at least 60% of protein-coding human genes 180. In promoters 
containing CpG islands, also called CpG-rich promoters, the transcription can initiate in a 
region spanning 10-60 bp, while in CpG-poor promoters it initiates at a defined nucleotide 
position and mostly relies on the initiation factor TATA-box-binding protein 181. CpG-rich 
promoters, which usually do not undergo DNA methylation, control the majority of 
ubiquitously expressed housekeeping genes and about 50% of cell type-specific genes. In 
order to be transcriptionally silent, CpG-rich cell type-specific genes seem to require active 
repression mediated by DNA methylation and PcG proteins in order to stabilize their “off” 
states, whereas transcriptional repression of CpG-poor promoters is not always accompanied 
by these epigenetic modifications 175. CpG islands found in intra- or intergenic regions are 
prone to methylation and were suggested to mark the TSS of non-coding RNAs 182. While 
CpG islands generally remain hypomethylated in somatic cells, a subset of them is methylated 
during the monoallelic silencing of parentally imprinted genes and inactivation of one of the 
two X chromosomes in female somatic cells 176. Some CpG islands can be differentially 
methylated between somatic and germline cells or between different somatic cell types 180.  

The mechanism of C5-cytosine methylation is universal in all organisms studied and 
involves the transfer of a methyl group from the cofactor S-adenosylmethionine to the 
recipient cytosine base of DNA with the release of one proton and the generation of 
methylated DNA and S-adenosylhomocysteine 183. CpG dinucleotides constitute a 
predominant substrate for mammalian DNA methyltransferases (DNMTs), namely DNMT1, 
DNMT3A and DNMT3B 183. DNMT3A and DNMT3B are able to newly modify 
unmethylated CpG on both DNA strands and are often referred to as de novo DNMTs.  
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DNA methylation levels change dramatically during mammalian development. After 
fertilization, a wave of genome-wide DNA demethylation erases almost all gametic 
methylation marks. Typically lowest at about the 16-cell morula stage in mice, global 
methylation levels start being regained in the blastocyst, preferentially in its inner cell mass 
184. The DNA methylation is acquired differentially in different cell lineages. While DNA in 
somatic cell lineages is heavily methylated, it is undermethylated in trophoblast-derived 
lineages and remains largely unmethylated in early primordial germ cells until gonadal 
differentiation. De novo methylation during gametogenesis gives rise to sex-specific DNA 
methylation patterns in germline cells. DNMT3A and DNMT3B, which cooperate in the 
establishment of DNA methylation patterns, exhibit low expression levels in adult somatic 
cells and are highly expressed in developing germ cells and in embryonic cells with 
substantial de novo methylation activity 185-187. In the course of cell divisions, the active 
maintenance of DNA methylation pattern is mostly carried out by the ubiquitously expressed 
DNMT1, which exhibits in vitro 5- to 30-fold greater activity on one-strand methylated, than 
on an unmethylated template 183. Due to its interaction with NP95 (nuclear protein 95), 
DNMT1 is recruited to the hemi-methylated DNA after the passage of replication fork and 
copies DNA methylation marks on the newly synthesized leading and lagging DNA strands 
188. DNA methylation is a stable epigenetic modification, which can be transmitted through 
cell divisions for at least 100 cell generations in somatic cells 189 and contributes to the control 
of transgenerational epigenetic inheritance 190. DNA methylation can be removed passively, 
that is by preventing methylation of newly synthesized DNA. The existence and identity of 
enzyme(s) that might actively demethylate DNA in mammals remain controversial 191. 

Investigation of DNA methylation patterns can be performed at local and genome-
wide scales. Initially, it was almost entirely based on the sensitivity of the bacterial restriction 
enzymes to CpG methylation within their cleavage recognition site. Mapping of 5mC sites at 
a single-base pair resolution can be performed using bisulfite genomic sequencing 192. The 
principle of this method relies on the selectivity of sodium bisulfite, which converts 
unmethylated cytosines to uracils, while methylated cytosines stay unaltered 192 (Fig. 11A). 
Converted uracils are then replaced by thymines in the course of PCR reaction using primers 
specific to the converted DNA region under investigation. Subsequent cloning and 
sequencing of PCR products can determine the original methylation state of the DNA. 
Genome-wide mapping of DNA methylation patterns relies on direct large-scale bisulfite 
DNA sequencing and indirect affinity-based approaches, which employ either a monoclonal 
antibody specific to methylcytosine (methylated DNA immunoprecipitation; MeDIP) or the 
DNA-binding domain of a methyl-CpG-binding protein (methyl-binding domain affinity 
purification; MAP) 177. The samples enriched in the methylated DNA can be then tested using 
gene-specific (methylation-sensitive PCR, bisulfite sequencing) or genome-wide 
experimental readouts (DNA microarrays, direct large-scale sequencing techniques) 177.  
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One of the most useful high-throughput approaches to identify genes repressed by 
promoter hypermethylation is a reactivation screening strategy that combines treatment of 
cells in vitro with a demethylating agent followed by global gene microarray expression 
analysis. Demethylating agents are also largely used for local scale DNA methylation studies. 
Among demethylating agents employed in fundamental and clinical studies and having 
similar modes of action are 5-azacitidine and 5-aza-2’-deoxycytidine (5-azadC, also known as 
decitabine) 193 (Fig. 11B). Once inside the cell, 5-azadC needs to be phosphorylated in order 
to be incorporated in DNA. DNMTs are covalently trapped to the modified cytosine residues 
and are thought to be degraded. This leads to deficient methylation of newly synthesized 
DNA and ultimately to global hypomethylation 193. 

Numerous studies performed at the local and genome-wide scale have demonstrated 
the correlation between promoter methylation and transcriptional repression of downstream 
genes 177, 194. Several mechanisms have been involved 177, 194 (Fig. 11C). Although methyl 
group of 5mC is hidden within the internal GC base-pairing region without interfering with 
the formation of hydrogen bonds, it may, however, compromise binding of transcription 
factors having methyl-CpG within their recognition binding sites. For instance, methylation at 
the CpG site located centrally within the E-box motif (CACpGTG) inhibits the binding of the 
USF1 transcription factor and negatively regulates gene expression 195. Methylation sensitivity 
of MITF binding to CpG-containing E-box motifs has not been investigated. Methyl-CpGs 
also serve as tags recognized by methyl-CpG-binding proteins, which co-recruit 
transcriptional repressor complexes including histone deacetylase (HDACs) 196. Besides, it has 
been recently demonstrated that the presence of a CpG island within the gene promoter region 
is associated with a destabilized nucleosome assembly, which likely enables the 
transcriptional activators, like Sp1, to readily gain access to the promoter binding sites in the 
absence of extracellular signaling and to facilitate the recruitment of general transcription 
factors and RNA polymerase II (Pol II) to gene promoters when signaling is present 197. 

In human melanocytes, a genome-wide DNA methylation pattern has been recently 
studied 198. CpG-rich promoters and promoters with intermediate CpG content have been 
shown to be in the majority of cases (about 90%) unmethylated or exclusively methylated at 
the distal part of the promoter (-1000 to -2200 bp) relative to the TSS. The CpG methylation 
in promoter regions proximal to the TSS (-200 to +500 bp) has been associated with 
transcriptional repression. The expression of genes under the control of CpG-poor promoters 
has not been dependent on the promoter methylation profile 198. While the 5’ regions of genes 
encoding TYR and MLANA apparently do not contain CpG islands, the presence of a CpG 
island downstream of the TSS has been reported in gp100 199, suggesting the potential for 
gp100 promoter regulation by DNA methylation. In addition, one CpG site within the first 
intron of MLANA has been found to be unmethylated in melanocytes and MLANA-positive 
melanoma cell lines, while it was methylated in MLANA-negative melanoma cell lines 200. 
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I.2.5.3 Post-translational histone modifications 
 
Within the nucleosome, two molecules of each core histone H2A, H2B, H3 and H4 

contact DNA by their globular regions, while unstructured amino-terminal histone tails 
protrude outside from the core nucleosomal complex and are subject to eight types of post-
translational modifications with over 60 different amino acid residues being modified 171 (Fig. 
10B). Moreover, lysines of histone tails may be mono-, di- or trimethylated, while arginines 
may be mono- or dimethylated (symmetrically or asymmetrically) 171. Addition of chemical 
marks on amino acid residues of histone tails is catalyzed by histone modifications “writers” 
171. Enzymes that remove or “erase” histone marks include K (lysine)-demethylases (KDMs) 
disproving the long-lasting belief concerning the irreversibility of histone methylation, a 
relatively stable mark. ChIP-chip and ChIP-Seq technologies using histone modification-
specific antibodies have made it possible to obtain genome-wide data for several histone 
modifications 201, 202. Thus, nucleosomes around the first exons carry specific epigenetic marks 
related to the transcriptional status of the genes. Trimethylations of lysines within the histone 
tail of H3, namely H3K9me3, H3K27me3 and H3K79me3 have been linked to gene 
repression, whereas H3K4me3 and H3K9ac - to gene activation 201, 202. 

Changes of chromatin structure that accompany gene activation or repression rely on 
two major mechanisms. The first is a disruption of contact between nucleosomes, with histone 
acetylation by lysine acetyltransferases (KATs) being the most efficient to “unwrap” 
chromatin due to neutralization of positive charges on the amino groups of lysine residues 203. 
The reversal of histone lysine acetylation by HDACs correlates with chromatin condensation 
and transcriptional repression. The second mechanism to modify the chromatin structure is 
the recruitment or prevention of docking of nonhistone proteins onto chromatin. Proteins that 
bind modified amino acid residues of histone tails via specific domains are often referred to as 
histone modification “readers” (Fig. 10A). For instance, acetylated or methylated lysines are 
recognized by proteins harboring bromo- or chromodomains, respectively 171. Histones 
modification “readers” possess or tether enzymatic activities that further modify chromatin. 
For instance, the chromodomain-containing heterochromatin protein 1 (HP1) necessary for 
heterochromatin formation binds to H3K9me2 and H3K9me3 and recruits HDACs and lysine 
methyltransferases (KMTs) responsible for H3K9 methylation 204. Within euchromatin, HP1 
recruitment to gene promoters can be mediated by co-repressors, such as hypophosphorylated 
RB, which represses transcription from E2F-responsive promoters through its interaction with 
HDAC1 171. H3K27me3 modification linked to transcriptional repression is established by 
polycomb repressor complex 2 (PRC2), which contains enhancer of zeste homolog 2 protein 
(EZH2) carrying KMT activity. Further, H3K27me3 is recognized by chromodomain–
containing components of PRC1, which stabilizes the inactive transcriptional state due to 
ubiquitination of histone H2A and inhibition of RNA polymerase II activity 176. 
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I.2.5.4 Accessibility of nucleosomal DNA and catalyzed nucleosome remodeling  
 
Despite regularity in distribution of nucleosomes within the 10 nm chromatin fiber, 

genome-wide ChIP-Seq studies have revealed a depletion of nucleosomes within 
transcriptionally active regulatory regions, including cell-type specific ones. Nucleosome free 
regions (NFRs) have been identified just upstream of the TSS of protein-coding genes with 
well-positioned nucleosomes around their first exons 205. NFRs are considered to be 
transcriptionally permissive and might allow low basal levels of leaky transcription, while the 
binding of transcription factors and the assembly of the transcription machinery within NFRs 
is required to activate genes 206. Importantly, the distribution of nucleosomes relative to 
MITF-binding sites has been shown to correlate with melanocyte-specific gene expression 28. 
Thus, 77% of MITF-occupied sites determined by ChIP-on-chip analysis in one melanoma 
cell line have been situated within NFRs surrounded by positioned nucleosomes. For instance, 
the TSS of gp100 has been found to be nucleosome-free in primary melanocytes and two 
melanoma cell lines, but occupied by a positioned nucleosome in other cell types 28. During 
differentiation, it might be advantageous to keep cell-type specific regulatory sites masked 
with nucleosomes unless they are in use. For instance, the initiator E-box within the TYR 
promoter might by masked by nucleosome until TYR is to be activated in differentiating 
melanocytes, while the depletion of nucleosome at this site might allow enhanced MITF 
binding to juxtaposed initiator E-box (position -12 to -7) and M-box (positions -103 to -94), 
which are separated by a DNA segment having conserved length in vertebrate species 70. An 
additional level of specificity in gene regulation can be potentially provided by cooperative 
interactions between transcription factors in displacing nucleosomes 206. Mechanistically, 
binding of one transcription factor to nucleosomal DNA, either within its rotationally exposed 
major groove on the nucleosome surface or within sites proximal to the linker DNA, might 
lead to a partially disassembled state of nucleosome and to a better accessibility of previously 
buried sites 206. Such cooperative binding of two transcription factors to adjacent binding sites 
would require lower concentration of these factors for gene activation. 

The access to DNA sites that are internal to a nucleosome requires catalyzed 
nucleosome remodeling exerted by ATP-dependent chromatin remodeling complexes 207. 
They convert the energy of ATP hydrolysis to mechanical movement and can remodel 
chromatin in a number of ways to either activate or repress transcription. The mechanisms of 
action that lead to exposure or masking of DNA regulatory sites include creation of DNA 
loops on the nucleosome surface, bi-directional movement of nucleosomes along the DNA, 
replacement of histone subunits or eviction of nucleosomes from a particular genomic 
location 207. All types of multi-subunit chromatin remodeling complexes contain a subunit 
with ATPase activity. The ATPase subunits of SWI/SNF (Switching defective/Sucrose 
nonfermenting) complexes, namely BRM (Brahma) and BRG1 (Brahma-related gene 1) have 
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bromodomains, which preferentially bind acetylated histones. Alternative presence of either 
BRG1 or BRM and specific composition of 9-12 BRG1/BRM-associated factors (BAFs) is 
thought to determine specificity and mode of gene regulation by SWI/SNF remodeling 
complexes 207. The activity of these complexes can be enhanced by lysine acetylation of 
histone tails by KATs, such as CBP (cyclic AMP response element protein-binding protein) 
and p300 (E1A binding protein 300 kDa), classified respectively as KAT3A and KAT3B, are 
known co-activators recruited to chromatin by transcription factors 207. 

SWI/SNF complexes and other chromatin remodeling complexes have been 
demonstrated to promote differentiation by coordinating gene expression events in multiple 
cell lineages, including melanocytes 208. BRG1 is expressed in human melanocytes and is 
required for the development of neural crest derived cells 209. It has been shown to interact 
with !-catenin to activate LEF/TCF target genes 210, suggesting a possible involvement of 
BRG1 in the transcription of MITF and DCT. Furthermore, SWI/SNF chromatin remodeling 
enzymes has been demonstrated to be required for transcriptional activation of a subset of 
MITF-regulated genes 74, 211. Using mouse fibroblasts as cellular model for ectopic expression 
of MITF and dominant negative BRM or BRG1, activation of tyr, tyrp1 and dct has been 
shown to be dependent on functional SWI/SNF complexes 74. In addition, the association of 
MITF with co-activators CBP and p300 has been mechanistically shown to result in 
transcriptional activation of TYR, TYRP1 and DCT 116, 212. The dependence of such association 
on a signaling event has been demonstrated in the context of the MAP kinase signaling, where 
MITF phosphorylated by ERK2 on Ser-73 preferentially interacted with p300 116. A MITF-
dependent histone acetylation, which occurs independently of SWI/SNF function, seems to be 
the initial event within the tyr and tyrp1 promoters 74. Thus, a model of activation of 
melanocyte-specific genes has been proposed, in which the E-box is ‘hidden’ from MITF by 
the chromatin structure and MITF is initially recruited to this locus through an interaction 
with KATs 74. The SWI/SNF complex is recruited both by MITF and by binding via the 
bromodomains to acetylated histones. Remodeling of the locus then exposes the E-boxes and 
binding sites to other transcription factors, such as SOX10, leading to the formation of a 
stable multi-protein regulatory complex.  

Chromatin remodeling has been proposed to be involved in the regulation of the 
OCA2 expression in iris melanocytes and to contribute in this way to the regulation of eye 
color 18. Human T-cell leukemia virus enhancer factor (HTLF) has been suggested to act as a 
sequence specific DNA recognition member of a SWI/SNF chromatin remodeling complex 18. 
HTLF appears to promote a relaxed chromatin state permissive for LEF-1- and MITF-
mediated expression of OCA2, one of the factors determining brown eye color 18. 

To parse out the exact roles of epigenetic mechanisms in the development and 
differentiation of melanocytes, epigenetic modifiers might be knocked out specifically in the 
melanocyte lineage in animal models.  
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II. Genetic and epigenetic events in cutaneous melanoma 
 
II.1 Melanomagenesis as a multi-step process 
 
Cutaneous melanomas are thought to arise from epidermal melanocytes and, 

potentially, from follicular melanocytes or melanocyte stem cells, whereas other types of 
melanoma (e.g. uveal or mucosal) derive from non-cutaneous melanocytes 213. In addition, 
recent developmental studies 148 gave rise to the hypothesis that some melanomas might arise 
from Schwann cell precursors (SCPs) and hence follow distinct tumorigenesis process. 
Melanoma is among the more common causes of “metastatic cancer of unknown primary” 
due to indolent or unrecognized cutaneous primary lesions 213. 

Epidemiological evidence implicates exposure to solar UVR spectrum, especially 
frequent episodes of sunburn during childhood, as a major risk factor in the etiology of 
melanoma 214. The presence of multiple pigmented lesions, including banal or clinically 
atypical nevi or freckles, is associated with an increased melanoma risk 213. Recent genome-
wide association studies have identified genetic loci associated with pigmentation and 
melanoma predisposition 215. Thus, some MC1R (“red hair color” alleles), TYRP1 and MATP 
variants have been associated with melanoma risk 215. Patients with a familial history of 
melanoma represent about 10% of melanoma cases and the risk of melanoma is about 2.24 
times higher in individuals having at least one first-degree relative with melanoma 213. 
CDKN2A/B is the best known familial melanoma locus affected in up to 40% of cases 213.  

Transformation of skin melanocytes to cutaneous melanoma is a multi-step process 
also called melanomagenesis, which is generally described by the melanoma progression 
model based on histopathological observations 1, 122 (Fig. 12A). A benign nevus is represented 
by aggregated melanocytes that have lost the appropriate contact with basal keratinocytes and 
have aberrantly proliferated to a hyperplastic lesion. The next step toward melanoma, a 
dysplastic nevus, shows cytological atypia and may arise from a preexisting benign nevus or 
as a new lesion. Radial growth phase (RGP) melanoma, considered to be the primary 
malignant stage, spreads in the epidermis superficially to the basement membrane. In vertical 
growth phase (VGP) melanoma, nodules or nests of cells cross the basement membrane and 
invade the dermis. Both RGP and VGP primary melanomas can progress to metastatic 
melanoma. Depending on tumor thickness, mitotic index, presence of ulceration, age, gender 
and anatomical site, about 20-25% of all primary melanoma will spread. Melanoma cells 
having metastatic potential migrate, become invasive and enter the bloodstream or lymphatic 
vessels from which they colonize inner organs such as lung, brain and liver (Fig. 12A). Only 
about half of cutaneous melanomas are known to arise from nevi indicating that melanomas 
may emerge de novo in normal skin, whereas melanoma progression can occur without going 
through all stages 122.  
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II.2 Genetic and epigenetic patterns in melanoma  
 
Transformation of normal melanocytes into malignant melanoma cells relies on 

numerous cellular mechanisms, such as proliferation, immortalization, epithelial-
mesenchymal transition, migration and invasion, which are associated with numerous genetic 
and epigenetic alterations 216, 217 (Fig. 12). The entire genome sequencing of one melanoma 
cell line has revealed more than 33,000 somatic mutations present in tumor cells 218. This 
catalogue of mutations carries the imprint of the past UVR-induced damage, since the vast 
majority (about 70%) of single base and dinucleotide substitutions are, respectively, C>T/ 
G>A and CC>TT/ GG>AA transitions 218. In addition, C>T/CC>TT changes tend to affect 
more often CpG nucleotides 218. Aside from the effects of UVR, many of the mutations in 
melanoma cells have apparently arisen as a consequence of ROS action, which preferentially 
causes G>T substitutions 218. Other genome-wide studies, such as array-based comparative 
genomic hybridization (CGH) and single-nucleotide polymorphism arrays, determined 
abnormal copy numbers of multiple loci encoding mRNAs and non-coding RNAs 213, 219, 220. 
Obviously, not all genetic alterations that occur in melanoma cells would be implicated in 
melanomagenesis.  To embody this concept, terms “driver” and “passenger” mutations have 
been proposed 221. “Driver” mutations are thought to confer growth, survival or any 
alternative selective advantage for tumor cells. They are positively selected and causally 
implicated in tumor development. The remainder are thought to be “passenger” mutations 221.  

In melanoma, several components of the ERK pathway have been found to be 
frequently affected by “driver” mutations, highlighting the importance of this pathway in 
melanocyte lineage cells 217 (Fig. 5,  6, 12B). Those include mutations in BRAF, NRAS and 
KIT, all of which result in a constitutively active ERK pathway 213. Somatic mutations in 
BRAF or NRAS have been found, respectively, in about 50-60% and 15-20% of melanoma 
lesions 217, 222. Activated NRAS apparently stimulate the ERK pathway through CRAF rather 
than through BRAF 115. The most common in melanoma is a T1799A mutation in exon 15 of 
BRAF, which accounts for about 90% of all BRAF mutations 223, 224. It encodes the substitution 
of a glutamic acid for valine at codon 600 (V600E) in the BRAF kinase activation domain 
and results in about 500 times higher BRAF kinase activity in vitro 223, 224. Other BRAF 
mutations (e.g. V600R, V600K) have been shown to result in increased kinase activity 225. It 
has been suggested that the introduction of a negative charge and/or a switch from a small to a 
large hydrophobic residue at the codon 600 mimic the phosphorylation of threonine 599 and 
serine 602 within the BRAF activation domain thereby leading to increased BRAF activity 225. 
Constitutively active BRAFV600E transforms immortalized melanocytes and stimulates 
melanoma cell proliferation and survival 226, 227. Thus, the concept of “oncogene addiction”, 
that emphasizes the apparent dependency of some cancers on one or a few genes for the 
maintenance of the malignancy, has been applied to melanomas expressing mutant BRAF 228. 
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Based on genome-wide genomic and gene expression profiling studies, melanoma has 
been proposed to constitute a heterogeneous group of tumors with different patterns of genetic 
alterations and distinct “driver” mutations. For instance, genome-wide CGH profiling 
together with analysis of individual somatic mutations by gene sequencing, allowed to 
classify melanomas arising in different anatomical sites with varying UV exposure histories 
and harbor distinctive patterns of genomic alterations into 4 groups: melanoma on skin with 
non-chronic sun-damage (non-CSD melanoma, for instance melanoma of the trunk, lower 
limbs and upper arms), which is the predominant type in Caucasians; melanoma on skin with 
chronic sun-damage (CSD melanoma); melanoma on palms, soles and nail bed (acral 
melanoma) and melanoma on mucous membrane (mucosal melanoma) 222, 229 (Fig. 12B). 

Similarly to genetic alterations, mitotically heritable epigenetic changes that are 
advantageous to tumor progression might undergo the selection process in the course of 
melanomagenesis. For instance, aberrant activation of growth stimulatory pathways, which 
can be accomplished by gain-of-function mutations, amplifications and translocations of 
proto-oncogenes, may be armored by inactivation of negative regulators of these pathways by 
epigenetic mechanisms. Hypermethylation (gains of DNA methylation marks) within the 5’ 
regions of genes can result in their transcriptional silencing and thereby can be an additional 
or alternative mechanism of gene loss-of-function 230. Treatment of cultured melanoma cells 
with demethylating agents combined with global microarray gene expression analysis has 
allowed the identification of more than 50 genes primarily silenced by hypermethylation 
within their 5’ regions 231. Many of them are tumor suppressor genes 231. In the same tumor 
cells, along with local hypermethylation changes, losses of methylation (hypomethylation) 
affect a variety of DNA sequences, including repetitive sequences dispersed throughout the 
genome and a limited number of genes, which are silenced by DNA methylation in normal 
somatic cell counterparts 232. Hypomethylation is usually quantitatively predominant in 
tumors. Net loss of 20-80% of genomic 5mC has been observed in melanoma cell lines 233. 
Used as a marker of global DNA hypomethylation, decreased DNA methylation of LINE-1 
(long interspersed nuclear element 1) and Alu repetitive sequences has been observed in 75% 
and 13% of melanoma cell lines, respectively 234. Genome-wide hypomethylation is thought to 
enhance genomic instability and to modify gene expression profiles via sequestration of 
transcriptional regulators and/or via changes in subnuclear compartmentalization or in 
transcription of regulatory non-coding RNAs 232. The histone acetylation changes have been 
mostly assessed by treating melanoma cells with HDAC inhibitors (HDACi) 231. HDACi have 
been demonstrated to activate, but also to repress gene expression in melanoma cells 231.  

Although the exact order of events underlying melanomagenesis is not completely 
elucidated, interplay of genetic and epigenetic changes that occurs in the course of tumor 
progression ultimately results in the profoundly altered expression patterns of mRNAs, non-
coding RNAs and, consequently, proteins in melanoma 235, 236. 
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II.3 Major signaling pathways involved in melanomagenesis 
 
The constitutive activation of the ERK pathway appears to contribute to both 

melanoma initiation and progression. This fundamental event occurs early in 
melanomagenesis, since about 80 % and 10% of benign acquired nevi harbor BRAF and 
NRAS mutations, respectively 213. This finding argues that such mutations are not sufficient 
for malignant transformation of melanocytes, as nevi remain static for decades and rarely 
progress to melanoma. However, it does suggest a role in the initiation of malignancy. 
Accordingly, experiments in transgenic mice have shown that the primary consequence of 
BRAFV600E expression specifically in melanocytes is the formation of nevi, while melanomas 
only arise after a long latency (about 10-12 months) in up to 70% of mice 237. Thus, it has 
been suggested that mutated BRAFV600E has a founder role in melanomagenesis, but additional 
genetic and epigenetic changes are required for the development of malignant tumors 237.  

A slow growth rate of nevi has been associated with cellular senescence, a mechanism 
considered to limit tumorigenesis 238. Cellular senescence is characterized by the arrest of 
proliferation and typical morphological and molecular changes, including !-galactosidase 
activity at acidic pH and the formation of senescence-associated heterochromatic foci 239-241. 
These senescence-associated changes have been observed in human nevi 239-241. Cellular 
senescence is executed in response to telomeric shortening (replicative senescence) or 
following various types of stress (stress-induced senescence), including oncogene-induced 
senescence (OIS), DNA damage response (DDR) and oxidative stress 238. Based on 
experiments in cultured cells and animal melanoma models, BRAFV600E expression has been 
suggested to lead to OIS in melanocytes, indicating that mutated BRAFV600E might first 
stimulate proliferation and then induce cell cycle arrest in nevi 237, 242, 243.  

Overcoming senescence is proposed to be a necessary event for progression of 
melanocytic and displastic nevi, but also for initiation of primary melanomas de novo 242. At 
the molecular level, inactivation of the p53 and p16-RB pathways critical for mediating both 
replicative and stress-induced senescence is associated with proliferation and immortalization 
of neoplastic cells 238. In contrast to other cancers, melanomas display a low frequency of 
inactivating mutations in TP53 (9%) encoding p53 and it is rather the expression of p53 
downstream targets, such as the broad-spectrum cyclin/CDKs inhibitor p21 (CDKN1A), that 
is affected in melanoma 217. Hypoacetylation of the CDKN1A promoter mediated by the anti-
senescence factor TBX2 has been proposed as one of the mechanisms of p21 inactivation 244. 
Similarly to TP53, inactivating mutations in the retinoblastoma gene (RB1) are rare in 
sporadic melanoma and occur in about 6% of tumors 217. However, germline mutations in RB1 
increase up to 80-fold the lifetime risk of melanoma development in retinoblastoma survivors 
213. Importantly, the best-known familial melanoma locus, the CDKN2A/B locus on the 
chromosome 9p21 that encodes p15, p16 and p14 cell cycle inhibitors, is also frequently 
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altered in sporadic human melanoma by the entire spectrum of genetic and/or epigenetic 
alterations 217, 238 (Fig. 8A). As an example of gene silencing by both genetic and epigenetic 
events, p14 (ARF) has been found to be inactivated by hemizygous loss and by promoter 
methylation in 4/20 of sporadic melanomas showing intact p16 expression 245. Importantly, 
the inactivation of p16 by the stabilized form of !-catenin has promoted an escape of 
melanocytes from senescence, resulting in their immortalization and promotion of 
melanomagenesis in vivo in coooperation with N-Ras activation 246. The bypass of replicative 
crisis can be achieved through the activation of telomerase, namely of its subunit TERT 
(telomerase reverse transcriptase), that exhibits low or no expression in normal cells and is 
upregulated during melanoma progression 217.  

The progression from RGP to VGP is considered to be the most critical point in 
melanoma development, because neoplastic cells appear to escape keratinocytes’ control and 
acquire competence for growth factor- and anchorage-independent growth and metastasis 122. 
For progression to the VGP, additional alterations would be required to reduce apoptosis of 
melanoma cells in the absence of pro-survival soluble factors produced by keratinocytes. For 
example, the apoptotic function of p53 can be compromised by inactivation of a key regulator 
of the mitochondrial apoptosis pathway, APAF1 (apoptotic protease activating factor), which 
is downregulated during melanoma progression due to hypermethylation of its promoter 247.  

Along with the ERK signaling cascade, PI3K (phosphatidylinositol 3’-kinase)-Akt 
pathway has been found to play a prominent role in melanoma development 4 (Fig. 13). 
Increased activity of the Akt3 kinase, the predominant Akt isoform active in melanoma, 
occurs in up to 60% of sporadic melanomas. Akt3 can be overexpressed due to an increased 
AKT3 copy number and activated due to NRAS mutations or inactivation of the negative 
regulator of PI3K signaling, PTEN, through genetic and epigenetic mechanisms 4. Mutational 
profiles that simultaneously promote both ERK- and Akt3-mediated signaling appear to be 
favored in melanoma. Thus, NRAS mutations lead to stimulation of both pathways and are 
rarely found in concert with BRAF mutations, whereas combination of BRAFV600E with either 
PTEN loss/inactivation or activating AKT3 mutations has been found in approximately 30% 
of human melanoma 219, 220, 222. Activated Akt3 phosphorylates BRAFV600E at Ser-364/428 and 
decreases in this way its activity to levels promoting proliferation, likely facilitating the 
bypass of OIS induced by high BRAFV600E activation levels 248. The proof-of-concept for the 
cooperation between BRAFV600E and PI3K/Akt3 signaling in melanoma development has been 
provided in transgenic mice, in which melanocyte-specific BRAFV600E expression combined 
with PTEN suppression has resulted in melanoma development with 100% penetrance, short 
latency (25-50 days) and metastases to lymph nodes and lungs 243. Cooperative action of the 
ERK and PI3K/Akt3 pathways promotes proliferation and survival of melanoma cells 4. For 
instance, both pathways enhance cell survival through the phosphorylation-induced 
inactivation of anti-apoptotic BAD and through activation of NF-"B (nuclear factor "B) 4, 249  
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An increasing evidence involves the NF-%B pathway in melanomagenesis 250, 251. There 
are five members in the NF-%B family (p50 and p52 derived from a proteolytic processing of 
precursor proteins p100 and p105, RelA (p65), RelB and cRel), which can form 15 
transcription factors through homo- and heterodimerization 252. The most common is a p50-
p65 dimer, which will be further referred to as NF-%B. Expression of p50 and p65 is 
significantly elevated in human nevi and melanomas relative to normal skin; the 
phosphorylated active form of p65 accumulates in the nuclei of melanomas, whereas the 
expression of the NF-%B inhibitor I%B# is significantly lower in metastatic melanomas than 
in nevi 253, 254. Further, strong p50 nuclear staining correlates with poor prognosis for 
melanoma patients 253. In vitro studies have shown that NF-%B binding is constitutively 
elevated in cultured melanoma cells having 5-10-fold higher levels of p50 and p65 in the 
nucleus than melanocytes 251. BRAF mutations (for instance, V600E, K601E) may contribute 
to activation of NF-%B signaling via activation of IKK! 255, enhanced expression of !-TrCP, 
the ubiquitin ligase targeting I%B# for ubiquitination-dependent degradation 249 and via p65 
phosphorylation by MSK1, a downstream target of ERK 256 (Fig. 13). 

NF-%B activates the expression of genes encoding anti-apoptotic proteins, such as 
inhibitor-of-apoptosis (IAP) proteins cIAP1, IAP2, survivin and BCL2-like proteins; proteins 
that promote migration and invasion of tumor cells, for instance metalloproteinases (MMPs) 
and intercellular adhesion molecule-1 (ICAM-1); cell cycle regulatory proteins (cyclin D1, 
CDK2) and a number of chemokines that can be constitutively expressed by melanoma cells, 
for instance interleukin-8 (IL-8) 251. Overexpression of IL-8 is associated with the transition 
from RGP to VGP in melanoma and causes metastatic tumor growth in primary melanoma 
cells 250. Transfection of highly metastatic human melanoma cells with an expression vector 
encoding super-repressor I%B#M, a dominant-negative form of I%B# carrying mutations at 
Ser-32 and Ser-36 preventing its phosphorylation and subsequent degradation, inhibited their 
growth after injection in nude mice and prevented lung metastasis 257. Notably, the slow-
growing subcutaneous tumors formed by the I%B#M-transfected cells exhibited a decrease in 
microvessel density (angiogenesis), which correlated with a decrease in the level of IL-8 and 
vascular endothelial growth factor (VEGF) expression 257. Firm evidence of the requirement 
of the NF-%B signaling for melanomagenesis has been recently provided by significant 
inhibition of melanoma development in transgenic mice harboring melanocyte-specific 
ablation of Ikk! in the background of Ink4a/Arf-defficiency and mutated H-Ras (G12V) 258. 

The constitutively activated ERK, PI3K-Akt and NF-%B pathways may contribute to 
the process of pseudo-EMT (pEMT) bearing similarities to epithelial to mesenchymal 
transition (EMT) occuring during development 259-262. Melanoma cells undergoing pEMT may 
lose expression of proteins promoting cell-cell contacts (E-cadherin (epithelial cadherin), #- 
and &-catenin) and acquire mesenchymal markers (N-cadherin, fibronectin, MMP-2, MMP-9, 
ICAM-1) associated with increased ability for cell migration and invasion 259-262. 
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II.4 MITF expression and function in melanoma  
 
Given the intimate and specific involvement of MITF in survival, growth and 

differentiation of melanocyte lineage cells, one might expect that MITF would discourage any 
deviation towards uncontrolled growth and malignancy. Apparently, the subversion of 
signaling pathways governing melanocyte fate decisions in melanoma inevitably leads to the 
implication of MITF and the products of its target genes in melanomagenesis.  

Being required for the survival and proliferation of melanocyte lineage cells, MITF 
expression is generally maintained in melanoma and carries diagnostic and prognostic value. 
Immunohistochemical detection of total MITF protein levels exhibits specificity and 
sensitivity comparable to other melanoma diagnostic markers, such as Melan-A, tyrosinase, 
gp100/HMB45 (human melanoma, black 45) 263. Intense nuclear staining for MITF protein 
was observed in 83% of melanocytic nevi, 56% of primary melanomas and 23% of melanoma 
metastases, indicating a significant reduction in MITF expression with tumor progression 264. 
On one hand, low MITF levels have been linked to reduced survival rates and increased 
metastases in patients with intermediate thickness melanoma 265. On the other hand, a genetic 
amplification of MITF has been found in about 10% of primary melanomas and in up to 20% 
of metastatic melanoma, but not in melanocytic nevi, and has been associated with a 
decreased 5-year survival in metastatic melanoma 266. Finally, RT-PCR-based identification of 
circulating MITF-M expressing cells in the blood of melanoma patients after chemotherapy 
and melanoma resection strongly correlated with an increased risk of disease recurrence 267. 

In melanoma cells, optimal MITF expression levels appear to ensure its proliferative 
and survival functions via activation of relevant target genes, as postulated by a “rheostat” 
model of relationship between MITF dosage and functional outcome 139, 145 (Fig. 8, 14).  
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MITF expression has been proposed to counteract senescence response in melanoma 
cells and to promote their proliferation 268. Indeed, siRNA-mediated depletion of MITF in 
melanoma cells harboring BRAFV600E has induced a phenotype displaying the hallmarks of 
senescence 268. The senescence program mediated by MITF silencing has appeared to engage 
a DNA damage response signaling pathway known to stabilize and activate p53 268. 
Overexpression of dominant negative form of MITF in melanoma cell lines has resulted in 
inhibition of their growth proposed to be mediated by reduced expression of CDK2 266. 

High MITF levels, similar to those in terminally differentiated melanocytes, might 
lead to cell cycle arrest through induction of negative cell cycle regulators p16 and p21. 
Indeed, anti-proliferative effect of high MITF expression levels has been documented in 
melanoma cells even in the presence of the mutated BRAFV600E 266, 269. This effect might be 
circumvented in melanoma cells via inactivation of p16 and/or p21. Among mechanisms 
proposed to inactivate p21 in melanoma cells are transcriptional repression by TBX2 244 and 
somatic MITF mutations reported to occur in 16% (8/50) of melanoma metastases 270. Five of 
six described mutations have conferred to MITF a reduced capacity to transactivate the p21 
promoter in gene reporter assays 270. Interestingly, one of these mutations, termed 4T"2B, 
leads to deletion of exon 2B, which encodes the Ser-73 phosphorylation site implicated in the 
control of ubiquitin-dependent proteolysis of MITF. 4T"2B confers to MITF a higher 
capacity to activate TYR and DCT promoters in concert with SOX10, indicating that mutated 
MITF might differentially regulate proliferation and differentiation in melanoma cells 270. 

Constitutive activation of ERK by BRAFV600E should result in MITF phosphorylation 
at Ser-73 and its subsequent degradation by proteasomes 51. Accordingly, MITF expression is 
significantly reduced in melanocytes that ectopically express BRAFV600E 266, 269. However, in 
melanoma cell lines and clinical melanoma samples no anti-correlation has been observed 
between the extent of ERK activation and the expression levels of MITF and melanosomal 
proteins 26, 271. Melanoma cells likely maintain the expression of MITF at levels compatible 
with tumor progression via several mechanisms 145 (Fig. 14). First, amplification of MITF 
(ranging from 5 to 119 copies) has been associated with about 1.5 times higher MITF protein 
levels in metastatic melanoma samples 266. Second, transcriptional MITF activation might 
occur in compensation to ERK-mediated MITF protein degradation. Thus, receptor tyrosine 
kinase TYRO3 able to activate MITF transcription through SOX10 in vitro has been found to 
be overexpressed in 50% (20/40) of melanoma samples 272, whereas melanoma cells harboring 
BRAFV600E mutation might enhance MITF transcription via a BRN2-dependent mechanism 273. 
In human melanocytes ectopically expressing BRAFV600E, a dominant-negative p53 and 
activated CDK4 and immortalized by the expression of TERT, overexpression of MITF 
conferred a capacity for anchorage-independent growth 266. The propensity of MITF to 
amplification, its requirement for proliferation and contribution to the transformation of 
melanocytes suggest that it may function as a lineage-specific ‘addictive oncogene’ 266.  
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MITF-M regulation and function are intimately linked to Wnt signaling, which is 
predominantly mediated in melanoma cells by canonical (Wnt1, Wnt3A) and non-canonical 
(Wnt5A) members of the Wnt family of secreted glycoproteins 274 (Fig. 15). Although genetic 
and epigenetic alterations rarely affect the components of the canonical Wnt/!-catenin 
signaling in melanoma 275, 276, its constitutive activation assessed by nuclear !-catenin staining 
has been observed in about 30% of metastatic melanomas 275. A stabilized !-catenin, which 
carries mutations in otherwise phosphorylated sites targeting protein for proteasomal 
degradation, has been shown to exert anti-proliferative effect in vivo in a mouse model 246. 
Accordingly, nuclear staining of !-catenin has been associated with decreased proliferation of 
human melanoma cells in vivo 277. The mechanisms leading to !-catenin localization and/or 
maintenance in the nucleus are poorly understood. The activation of Wnt/!-catenin signaling 
may be driven by the canonical Wnt ligands, either secreted by tumor cells themselves or by 
cells of the tumor environment. In accordance with the ability of !-catenin to directly activate 
MITF expression via a LEF/TCF binding site in the 1M promoter, the activation of Wnt/!-
catenin pathway in melanoma cells treated with Wnt3A has resulted in upregulation of MITF 
and its transcriptional target genes 156, 277.  

The non-canonical Wnt signaling has been proposed to mediate the inhibition of the 
canonical Wnt/!-catenin signaling observed during progression from benign nevi to 
metastasis 277. In contrast to the canonical Wnt signaling, Wnt5A-mediated signaling leads to 
repression of MITF-M expression 278. High levels of Wnt5A expression have been observed in 
late-stage melanomas and correlated with decreased patient survival 279. The Wnt5A/PKC 
pathway has been shown to stimulate melanoma cell motily and invasion via induction of 
genes involved in pEMT and downregulation of E-cadherin 280. Importantly, gene expression 
profiling of melanoma cell lines in vitro but also after injection into immunocompromised 
mice has led to the identification of “proliferative” and “invasive” signatures in late-stage 
tumors 281, 282. Thus, expression of MITF, members of its transcriptional network (MLANA, 
TYR, DCT, SOX10, EDNRB) and lack of Wnt5A expression have defined a “proliferative” 
signature associated with high levels of proliferation, low motility and prominent sensitivity 
to growth inhibition by TGF-!. In contrast, in the “invasive” signature, MITF-associated 
genes have been downregulated, while Wnt5A and other genes that encode proteins promoting 
invasion, have been upregulated 281, 282. This signature has been associated with low levels of 
proliferation, high motility and resistance to growth inhibition by TGF-! 281, 282. Association of 
low MITF levels with low proliferative and high invasive potential has been also 
demonstrated by other studies 139, 283. Notably, the ratio of Wnt5A to MLANA expression has 
been shown to be increased in visceral, but not in lymph node metastasis 278. Thus, two types 
of melanoma metastasis pathways have been suggested: the mesenchymal hematogenous 
form of invasion, which involves pEMT and secretion of Wnt5A and MMPs, and the 
amoeboid, lymphatic form of invasion, which is metalloproteinase-independent 274. 
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II.5 Cancer-germline genes in melanoma: mechanisms of reactivation and known 
functions of their protein products 

 
DNA hypomethylation in tumors, including melanoma, has been found to directly 

cause the activation of a particular group of germline-specific genes that rely on DNA 
methylation for their transcriptional repression in somatic cell lineages 233, 284-286. Genes that 
belong to this group are collectively termed cancer-germline (CG) or cancer-testis (CT) genes 
due to their unique pattern of expression 287. CG genes are expressed in germline cells of 
developing and adult testis and ovary, in trophoblast-derived cell lineages and exhibit little or 
no expression in adult somatic tissues 286, 288-293. Human ES cells do not express CG genes 294. 
Expression of CG genes has been found in germline-derived malignancies, such as seminoma 
and ovarian dysgerminoma 295, 296. Importantly, CG genes are aberrantly activated in non-
germline malignancies arising from different somatic cell lineages, with more frequent 
expression found in melanoma, bladder, ovarian and lung cancers 297. In tumors that express 
CG genes, simultaneous expression of more than one CG gene is often observed. Thus, 3 or 
more CG genes have been activated in 65% of melanomas, while no expression of 9 selected 
CG genes has been observed in 26% of melanomas 298. Tumors of higher histological grade 
and later clinical stage often show higher frequency of CG gene expression 299. 

The founding member of the CG group of genes is MAGE1 (Melanoma AntiGEn 1), 
later renamed MAGE-A1. It was discovered in 1991 by researchers of the Brussels branch of 
the Ludwig Institute for Cancer Research (LICR) by virtue of T-cell epitope cloning 6. 
Cytolytic T lymphocytes (CTL) that recognized and lysed autologous tumor cells were found 
in the blood of a melanoma patient who followed a chemotherapy treatment in Mainz and had 
an unusually favorable clinical course 300. Melanoma cell line MZ2-MEL (Mainz-melanoma) 
established from a visceral metastasis presents on its surface several antigens recognized by 
clonal CTL populations specific for each antigen 301. One of such CTL epitopes has been 
identified as a processed protein product of MAGE-A1, which was found to belong to a large 
multigene MAGE family including dozens of members 302. 

A total of 153 CG genes has been identified to date by T-cell epitope cloning, serum 
reactivity studies, in silico sequence homology analysis and by virtue of unique expression 
pattern of CG genes 287, 303. Many of these genes have been identified and described by 
researchers of the Brussels branch of LICR 288, 304-311. Remarkably, approximately half of the 
known CG genes belong to multigene families located on the X chromosome, representing 
therein about 10% of all genes 312. The other half is represented by autosomal genes that are 
evenly distributed throughout the genome and do not usually form gene families 303. CG genes 
localized to X chromosome have been mostly found to be expressed in premeiotic germ cells, 
spermatogonia and oogonia, while activation of autosomal CG genes has been mainly 
associated with more differentiated stages of gametogenesis 286.  
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The enrichment of the mammalian X chromosome for genes expressed in mitotic 
spermatogonia along with the paucity of genes expressed in meiotic germ cells is thought to 
be an evolutionary response to sex chromosome inactivation from the beginning of meiosis in 
spermatocytes until meiosis completion and formation of haploid spermatids 313. The 
evolutionary recent expansion of CG gene families by duplication on the X chromosome, 
such as independent amplification of MAGE-A family members in human and mouse, is 
notable 302. Although the expression profiles of CG genes and relevant proteins in the course 
of gametogenesis have been extensively studied 286, 290, 291, 293, the functions of only few of them 
have been elucidated 287. Genetic studies of potential alterations of CG genes in infertility are 
challenging given the presumed high number of candidates and their functional redundancy. 
Some CG genes encode proteins with known functional domains. Thus, members of the SSX 
(synovial sarcoma X breakpoint) family possess a Kruppel-associated box (KRAB) domain, 
which mediates transcriptional repression 314, 315, whereas BRDT (bromodomain testis 
specific) protein containing two bromodomains has been shown to specifically bind 
hyperacetylated histone H4 tail and to trigger ATP-independent reorganization of the 
chromatin structure after induction of histone hyperacetylation by the HDAC inhibitor 
trichostatin A (TSA) 316.  

MAGE genes are clustered at several locations mainly on the chromosome X 302 (Fig. 
16A). CG genes of MAGE-A, -B and -C subfamilies show considerable variability of their 
promoter and first exon sequences, suggesting differential transcriptional control. The 
diversity of MAGE transcripts is enlarged by the production of alternative splicing variants 
reported for MAGE-A4a 317, MAGE-B1 306 and MAGE-C2 318. The MAGE-A1 promoter 
contains consensus binding sites for the transcription factors Sp1 and Ets 319 (Fig. 16B). 
Partial promoter deletions combined with gene reporter assays have shown that two inverted 
Ets motifs drive 90% of the activity of the MAGE-A1 promoter in MZ2-MEL cells 319.  

Growing evidence points to epigenetic modifications as the regulatory basis of the 
unique expression pattern characteristic to CG genes belonging to MAGE-A, -B and -C 
subfamilies and LAGE, GAGE, SSX, XAGE families 284-286, 320-322. The primary role of DNA 
methylation in transcriptional regulation of CG genes has been shown by numerous studies. 
First, a correlation between expression of CG genes and global DNA hypomethylation has 
been documented 233. Second, a significant positive correlation is frequently found between 
mRNA expression of CG genes and hypomethylation of their 5’ regions, which generally co-
localize with CpG islands 284. Notably, hypomethylation of some CpG sites within CpG-rich 
promoters of cancer-germline genes is particularly relevant for transcriptional activation. For 
instance, hypomethylation of 6 CpG sites located between positions -30 and +30 of the 
MAGE-A1 promoter is strongly associated with the activation of MAGE-A1 284, 323. Third, 
treatment with demethylating agent 5-azadC resulted in activation of CG genes in tumor cells, 
and, at a less extent, in normal somatic cells that do not express CG genes 284, 324, 325.  
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Finally, expression of CG genes has been shown to be induced by direct targeting of 
DNA methyltransferases using antisense oligonucleotides and siRNAs or by recombination-
based knockout in human cancer cells 286, 322, 326. Moreover, DNA hypomethylation at CG gene 
promoters has been associated with an altered histone H3 modification pattern, including 
increased levels of acetylated lysine 9 (H3K9ac) and dimethylated lysine 4 (H3K4me2), and 
decreased levels of dimethylated lysine 9 (H3K9me2) 322. Furthermore, treatment of cancer 
cell lines with 5-azadC and TSA synergistically induced and activated MAGE-A1, -A2, -A3, 
and -A12 gene expression, suggesting cooperative action of DNA methylation and histone 
deacetylation in mediating transcriptional repression of CG genes 320. 

While much is known about the mechanisms maintaining DNA methylation of CG 
promoters, the mechanisms underlying their hypomethylation and CG gene activation in 
cancer are poorly elucidated. C. De Smet and A. Loriot have performed a seminal series of 
experiments with the MAGE-A1 gene to address the following question: do cancer cells 
expressing MAGE-A1 possess a permanent demethylation activity targeted to the promoter of 
this gene? 232, 323, 326. To address this question, a transgene containing about a 6 kb region 
centered to TSS of MAGE-A1, has been methylated in vitro and stably transfected in MZ2-
MEL cells. Despite a continuous expression of the endogenous hypomethylated MAGE-A1, 
melanoma cells have been unable to induce the demethylation of the newly integrated MAGE-
A1 transgene even after long-term post-transfection culture 323. Of note, the same MAGE-A1 
transgene has been efficiently demethylated following transfection into mouse embryonic 
stem cells, which are characterized by a high level of methylation plasticity 327. Since 
permanent DNA demethylation activity has not been observed in tumor cells, a past episode 
of demethylation activity has been proposed to initiate MAGE-A1 hypomethylation in the 
course of tumor progression 232, 326 (Fig. 16C).  In line with this hypothesis, the one-week 
episode of global demethylation activity induced by transient antisense-mediated depletion of 
the DNMT1, had sufficed to convert a methylated and inactive MAGE-A1 transgene into a 
permanently hypomethylated and active one 326. Interestingly, the extremities of the transgene 
have been progressively remethylated in the course of cell culture, while the MAGE-A1 5’ 
region has remained stably hypomethylated, suggesting its protection from de novo 
methylation due to continuous action of DNA-binding and/or chromatin modifying proteins.  

The causes and underlying molecular mechanisms of anticipated transient DNA 
demethylation activity occurring at some point in the course of tumor progression are 
currently unknown 232. DNMTs are highly expressed in most cancer cells and somatic 
mutations or deletions of the corresponding genes have not been reported to occur in tumor 
tissues 232. The potential functional links between DNA demethylation and tumor-related 
cellular processes like cellular senescence, hypoxia and changes in cellular differentiation 
states have been proposed. Understanding of these functional links could provide insight into 
the mechanisms leading to DNA hypomethylation changes observed in cancer cells 232.  
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A central question in the tumor biology of proteins encoded by CG genes is whether 
their aberrant expression can contribute to tumorigenesis. A particular protein might play a 
tumor-advantageous or tumor-detrimental role depending on its specific function and the 
timing of its reactivation in the course of tumor progression. Some proteins might promote 
proliferation, confer resistance to apoptosis or provide tumor cells with metabolic advantages.  

Recent protein-protein interaction studies based on the yeast two-hybrid (Y2H) and 
pull-down purification approaches have revealed that MAGE proteins participate in multi-
protein complexes that influence transcriptional activity of genes and stability of proteins. 
MAGE proteins possess a common MAGE homology domain (MHD) of about 200 amino 
acids, which can be evolutionarily traced back to yeast 328 and protozoa 329 and exhibits in 
humans 46% amino acid identity between all MAGE family members and 70% identity 
between twelve members of the MAGE-A family 302, 329-331. MHD contains two winged-helix 
motifs connected by a flexible linker region 302, 330-332 (Fig. 17A). Interestingly, MHD has 
recently emerged to represent an important site of interactions with proteins harboring a 
common function, rather than a common motif 331, 332. Thus, MHD domains of distinct MAGE 
family members have been found to recognize disparate and apparently unrelated domains of 
distinct proteins that harbor a really interesting new gene (RING) domain 328, 331, 333 (Fig. 17B, 
C, D). Initial crystal structure studies have indicated that two winged-helix motifs of MAGE 
proteins might adopt particular conformational changes upon binding to unique domains of 
distinct RING-containing proteins 331, 332. In addition, genome-wide Y2H studies have 
identified novel interactions between MAGE proteins and RING-containing proteins 332, 334. 
For instance, MAGE-A1 has been found to associate with TRIM31 (tripartite motif 
containing 31), but the functional relevance of this interaction has not been explored 332, 334. 
RING-containing proteins represent one of the classes of E3 ligases, which confer specificity 
to ubiquitination by recognizing target protein substrates and mediating transfer of E1 
enzyme-activated ubiquitin from an E2 ubiquitin-conjugating enzyme to the substrate 335 (Fig. 
17B). E2-E3 complexes can either monoubiquitinate a substrate lysine or synthesize 
polyubiquitin chains assembled via different lysine residues of ubiquitin (such as K48 or K63) 
leading to diverse effects on the substrate. These effects range from proteasome-dependent 
proteolysis to modulation of protein function, structure, assembly, and/or localization 335. 
Based on protein purification and in vitro binding assays, MAGE proteins have been 
suggested to enhance the ubiquitin ligase activity of RING-containing proteins 331 (Fig. 17B, 
C). Importantly, p53 stability has been shown to be reduced by MAGE-C2, and to a lesser 
extent by MAGE-A2, which enhanced p53 ubiquitination mediated by E3 ubiquitin ligase 
KAP1 (KRAB-associated protein 1), also known as TRIM28 331 (Fig. 17D). The regulation of 
p53 stability by the MAGE-C2-KAP1 complex appeared to occur independently of MDM2 
(mouse double minute 2), the well-characterized E3 ubiquitin ligase for p53 331, 336. Moreover, 
MAGE-C2 has been shown to bind UNCH2, an E2 ubiquitin ligase interacting with KAP1 331.  



Introduction 
 

 66 

 



Introduction 

 67 

The biological relevance of observed interactions between MAGE proteins and RING-
containing proteins is plausible, since different steps of gametogenesis are thought to require 
a high turnover of a number of proteins regulated by the ubiquitin system 337. The appropriate 
turnover of p53 would be required in spermatogenesis, as transgenic male mice lacking p53 
have decreased germ cell apoptosis and reduced fertility 338. Moreover, the decreased stability 
of p53 mediated by MAGE-containing multi-protein complexes indicate a mechanism 
underlying p53 inactivation and, consequently, increased survival and resistance to 
chemotherapy in tumor cells harboring wild type p53 331. Consistently, association of KAP1 
with MAGE-C2 and MAGE-A proteins has been suggested to suppress apoptosis in 
melanoma and colon cancer cell lines harboring wild type p53 333, 339. Reduced KAP1/p53 
complex formation has been observed following siRNA-mediated reduction of MAGE-C2 or 
several MAGE-A proteins 333. Along with its E3 ubiquitin ligase activity, KAP1 has been 
involved in multiple mechanisms of gene silencing, including long-range transcriptional 
repression in cooperation with KRAB domain-containing zinc finger proteins and action as a 
scaffold protein within HDAC-containing complexes 314. Thus, KAP1 scaffold function for 
p53-HDAC1 interaction has been associated with deacetylation and reduced transcriptional 
activity of p53 336. Accordingly, the evidence has been provided that MAGE-A2/HDAC3 
could function as a p53-repressing complex in melanoma cell lines 340. MAGE-A2-mediated 
recruitment of HDAC3 resulted in hypoacetylation of p53 and of histones H3 surrounding its 
binding sites, thus weakening the p53-dependent transactivation function 340 (Fig. 17E). In 
melanoma cell lines harboring wild type p53 and treated with DNA-damaging agents, 
MAGE-A2 expression has provided survival advantage 340.  

Other interactions of MAGE proteins shed light on their potential function 287. Thus, S. 
Laduron et al. identified the transcriptional regulator SKIP (SKI-interacting protein) as a 
MAGE-A1 binding partner in a Y2H assay 341 (Fig. 17F). The association of the two proteins 
was shown in co-immunoprecipitation assay, while the interacting region was mapped outside 
the MHD in the C-terminal part of MAGE-A1 341. SKIP is an adaptor protein that connects 
DNA-binding proteins to either transcriptional repressors or activators and participates in 
signaling pathways mediated by vitamin D, retinoic acid, estrogens, glucocorticoids, TGF-! 
and NOTCH1 341. In gene reporter assays, MAGE-A1 was found to act as transcriptional 
repressor by disrupting SKIP-dependent transcriptional activation mediated by intracellular 
NOTCH1 341 (Fig. 17F). MAGE-A1 is thought to repress transcription via its association with 
HDAC1 341. A Y2H assay did not reveal the association of MAGE-A1 with p53 (E. De Plaen, 
personal communication). Accordingly, targeting of MAGE-A1 by specific siRNA in 
melanoma cell line harboring wild type p53 has not resulted in apoptosis induction 333. The 
physiological target genes of MAGE-A1-mediated transcriptional repression have not been 
found to date. The pro-apoptotic activity of MAGE-A4 has been contributed to its cleaved C-
terminal part, which has interacted with Miz-1 protein and inhibited p21 transcription 342. 
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In contrast to CG genes encoded by the X chromosome, far less is known about the 
molecular mechanisms regulating the expression of autosomal CG genes 287. Recently, 
epigenetic mechanisms have been found to regulate the expression of CTCFL (CTCF-like), 
which was first isolated among GIPs (genes induced by p53) in a colon sarcoma cell line 343-

345. CTCFL, also known as BORIS (Brother of the Regulator of Imprinted Sites), has been 
described as a paralog of CTCF (CCCTC-binding factor), which plays a key role in the 
regulation of genomic imprinting 346, 347. While BORIS is predominantly expressed in 
spermatocytes, CTCF is expressed in post-meiotic spermatids and exhibits ubiquitous 
expression in somatic cell lineages in a manner similar to a housekeeping gene 346, 347. 
Recently, BORIS expression has been found in human oocytes and 4-cell embryos 348. Data 
about BORIS expression in tumors are controversial. When assessed by RT-PCR for 40-45 
amplification cycles, BORIS expression has been found in the vast majority of tumor cell lines 
and in breast, prostate and colon cancer tissues 349. However, when measured quantitatively, 
the low levels of BORIS expression observed in prostate cancer tissues were not statistically 
different from those in normal prostate tissues 350. Further, BORIS transcripts have not been 
detected in eight primary breast tumors and found in only 1 of 12 breast cancer cell lines 351. 
These data were inconsistent with an earlier report describing BORIS expression in 7/8 breast 
cancer cell lines and 11/12 breast tumors 349. Quantitatively evaluated BORIS expression has 
been extremely low or undetectable in normal ovary samples and higher in many epithelial 
ovary cancer tumors, although the difference has not reached statistical significance 345. High 
incidence (77%) of significant BORIS expression has been demonstrated in uterine tumors 352.  

There is ample evidence that BORIS expression is regulated by epigenetic 
mechanisms. First, the level of BORIS expression in lung and epithelial ovarian cancer 
tissues, as well as in testis has inversely correlated with the extent of promoter methylation 344, 

345, 350, 353. Second, BORIS expression has been induced in normal fibroblasts and numerous 
tumor cell lines by treatment with 5-azadC 344, 345, 350, 353. Finally, BORIS expression in DNMT-
deficient colon cancer cells has directly correlated with promoter DNA hypomethylation and 
an altered histone H3 modification pattern in a region encompassing the TSS of BORIS 345. 

BORIS function is linked to that of its paralog CTCF. Both proteins possess, within 
their central part, a suite of 11 zinc fingers with similar DNA-binding capacity 354 (Fig. 18A). 
However, BORIS and CTCF differ significantly in their amino- and carboxy-termini, 
implying that they might interact with different protein complexes leading to differential 
function at binding sites and to distinct DNA-binding behavior 354. If CTCF knockout has 
resulted in embryonic lethality 355, BORIS knockout mice are viable and fertile 356. However, 
male mice have reduced testicular size accompanied by presence of multinucleated cells and 
significantly delayed meiosis. This phenotype could rely on reduced expression of testis-
specific isoform of cerebroside sulfotransferase (CST), which is transcriptionally regulated by 
BORIS and harbor unmethylated promoter in testis of BORIS knockout mice 356.  
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One example of how BORIS and CTCF may act differently is genomic imprinting, a 
form of epigenetic regulation of about 100 mammalian genes, which are imprinted (marked) 
with their parental origin 357. In contrast to the majority of biallelic genes, which display 
expression from both paternally and maternally inherited alleles, the expression of imprinted 
genes is non-randomly limited to one allele. For some of these genes the silent allele is always 
maternally inherited, while for the others allelic exclusion is always of paternal origin 357. 
Imprinted genes are often found in clusters that can span more than 1 Mb and are jointly 
regulated through an imprinting control region (ICR), whose methylation status determines 
the transcriptional activity of genes within a cluster 357. Clusters can be divided into two types. 
The majority of the imprinted clusters are controlled by ICRs that are methylated during 
oogenesis on the maternally inherited chromosome and usually overlap with promoters for 
antisense transcripts. In contrast, few clusters are under the control of ICRs methylated during 
spermatogenesis 357. The mouse Igf2/H19 locus is the best characterized of them 358 (Fig. 
18B). If CTCF acts to “interpret” the methylation mark of this ICR in somatic tissues, BORIS 
appears to be essential for the establishment of differential methylation within this locus 
during spermatogenesis 354. The current model contends that BORIS binds the ICR of the 
Igf2/H19 locus and recruits via its amino-terminal region protein arginine methyltransferase 7 
(PRMT7), which methylates nearby histones 359 (Fig. 18C). The histone methylation can then 
serve as a recruitment signal for the de novo DNMTs methylating the CpGs of the Igf2/H19 
ICR in the male germline cells, leading thereby to the activation of Igf2. In line with this 
model, BORIS has been shown to preferentially bind in vitro the paternal ICR of the 
IGF2/H19 locus on human chromosome 11 360. In contrast to CTCF binding only to 
unmethylated DNA, BORIS binding activity is generally independent of the DNA 
methylation status 360. CTCF has been proposed to have duplicated 350 million years ago to 
give rise to BORIS, which progressively acquired germline-specific expression and 
specialized function in genomic imprinting in early mammals about 210 million years ago 354.  

Besides playing a central role in genomic imprinting, CTCF exerts many other 
functions, including context-dependent promoter activation or repression, binding to 
boundaries between active and repressive chromatin, insulator activity, formation of 
intrachromosomal loops and interchromosomal interactions and global nuclear organization 
via demarcation of transcriptionally silent lamina-associated domains at the periphery of the 
nucleus 347. Consistent with a global role for CTCF in chromatin organization, thousands of 
CTCF-binding sites have been identified throughout the genome by ChIP-on-chip, ChIP-Seq 
and in silico experiments and the consensus DNA-binding sequence of about 20 bp has been 
established 347, 361 (Fig. 18D). A comparative analysis of ChIP-Seq data in different cell types 
revealed 40-60% overlap in CTCF-binding sites across cell types, suggesting that the 
remaining binding sites may be relevant for cell type-specific gene expression 362. Aberrant 
BORIS expression in somatic malignancies might interfere with some CTCF functions. 
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III. Immune response in cutaneous melanoma 
 
III.1 Dual role of the immune system in melanomagenesis 
 
Substantial evidence indicates that the tumor-immune system interactions contribute to 

the fate of benign and malignant melanocytic cells in the course of melanomagenesis. This 
evidence is mostly based on the studies of tumor antigen-specific immune responses 5, of the 
infiltration of benign and malignant melanocytic lesions with immune cells 363, 364 and of the 
melanoma incidence in transplant recipients who received immunosuppressive treatment. An 
elevated melanoma risk confined to periods of transplant function in kidney transplant 
recipients has returned to baseline level after reduction or withdrawal of immune suppression, 
indicating that the fully functional immune system may prevent melanoma development 365. 

Infiltration of immune cells is a well-documented observation in most cancers, 
including melanoma 364. The dual role of the immune system, which is thought to eradicate 
tumor cells mostly at the early stages of tumorigenesis, but ultimately appears to promote 
tumor progression, likely reflects the complex interactions of innate (macrophages, dendritic 
cells, natural killer cells) and adaptive (T and B lymphocytes) immune cells with tumor cells 
and non-transformed stromal cells (fibroblasts, endothelial cells, keratinocytes) in the tumor 
environment 366. It is the abundance of these different cell types and their interactions via 
direct contacts and the production of soluble factors (i.e. cytokines) that apparently dictate in 
which direction the immune balance is tipped at different points along the path of tumor 
progression. Thus, in established tumors, including melanoma, the antitumor immunity and 
tumor-promoting inflammation likely coexist, but the net effect of the immune system 
appears to be the stimulation of tumor progression 366. 

The most frequently found immune cells within the tumor environment are 
macrophages and T cells. Macrophages can promote specific immunity by inducing T cell 
recruitment and activation. Despite this, the presence of macrophages within the established 
tumors has been accompanied by tumor-promoting functions, including secretion of growth 
factors, cytokines and matrix-degrading enzymes 367. Consistently, the density of 
macrophages in melanoma lesions has correlated with increased angiogenesis, tumor invasion 
and poor prognosis 368. Similar to macrophages, the tumor-promoting functions of T 
lymphocytes are mediated by cytokines. However, cytokines often play a pleiotropic role 
during tumor progression and mediate antitumor functions of particular subsets of T cells 366. 
Among T cells harboring #! heterodimeric T cell receptors (TCR), CD8+ T cells are thought 
to be the major effectors of antitumor immunity due to their engagement in tumor killing as 
differentiated CTLs (Fig. 19A). CTLs lyse tumor cells via granule exocytosis pathway 
(perforin, granzyme B) and death receptor pathways, such as the Fas ligand pathway, which 
triggers apoptotic cell death of target cells expressing the cognate receptor Fas 369 (Fig. 19A). 
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Different subsets of CD4+ T cells harbor either antitumor or protumor functions. Thus, Th1 (T 
helper 1) cells (by virtue of IFN-& production) and in some instances Th17 cells (via 
production of IL-17A cytokine) provide important help that boosts cytotoxic immunity, 
whereas regulatory T cells (Treg) and Th2 cells generally appear to suppress antitumor 
immune responses via production of immunosuppressive factors 364, 366.  

CD8+ and subsets of CD4+ T cells have been found in various proportions and isolated 
from tumor infiltrates, lymph nodes and the blood of melanoma patients 364, 370. The 
proportions of different T cell subsets, their functional status and secretory phenotype likely 
influence the overall functional outcome of tumor-immune system interactions and, therefore, 
prognosis 364. Generally, the higher frequency of tumor-infiltrating lymphocytes (TILs) and 
diffuse pattern of their distribution in VGP melanoma and regional lymph node metastases 
have been associated with a better prognosis 364, 371. Immunosuppressive Treg cells are found 
in melanoma environment since early stages of tumor development, with higher proportions 
in later than in earlier melanoma stages 370. Surprisingly, spontaneous regression usually 
observed in local areas in up to 20-30% of primary (especially thin) melanomas generally 
indicates a worse prognosis and has been associated with an almost 10-fold higher probability 
of regional lymph node involvement 363. To explain this counterintuitive phenomenon, it has 
been hypothesized that melanoma cells spread to regional lymph nodes could increase the 
immune response against primary melanoma, but that the immune cells present within 
partially regressing lesions may not be able to destroy all malignant cells 363. Even widely 
disseminated metastatic melanoma may in rare cases undergo spontaneous regression 
accompanied by a diffuse infiltrate of immune cells 372. Consistently with the proposed role of 
the immune system in the control of the disseminated melanoma, CD8+ T cells have 
prevented the outgrowth of metastatic melanoma cells in the bone marrow and lymph nodes 
of transgenic mouse melanoma model 373. 

In spite of the ample evidence of antitumoral immune responses, in most established 
tumors containing inflammatory infiltrates the tumor-promoting effects of chronic 
inflammation appear to dominate 374. Chronic cancer-associated inflammation, often described 
as “smoldering” to indicate a local inflammatory process that is subclinical, is mediated by 
immune cells, but also by tumor and stromal cells 374. It is associated with the establishment of 
an immunosuppressive tumor environment, which is not only permissive but also supporting 
tumor progression due to production of growth and angiogenic factors by different cell types 
374, 375. The connection between inflammation and cancer is schematically represented by two 
pathways differentially involved in distinct types of cancer: an extrinsic pathway, driven by 
inflammatory conditions (viral and bacterial infections, autoimmune diseases) that increase 
cancer risk and/or progression, for instance in gastric cancer, and an intrinsic pathway, in 
which genetic events underlying neoplasia contribute to the establishment of the 
inflammatory tumor environment, which, in turn, promotes genetic instability 374, 375.  
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In melanoma, no epidemiological evidence has been provided for the involvement of 
the extrinsic pathway in tumorigenesis, whereas increasing evidence supports the 
implementation of the intrinsic pathway. Thus, the senescence-related secretory phenotype 
associated with the BRAFV600E mutation has been found to include the production of the 
senescence inducer Insulin-like Growth Factor Binding Protein 7 (IGFBP-7) and 
inflammatory cytokines, principally IL-6 and IL-8 376. These mediators may contribute to 
local immune responses once senescent tumor cells begin to die 377. Furthermore, in vitro 
evidence has been provided for the requirement of constitutive ERK and STAT3 signaling for 
the secretion by melanoma cells of IL-6, IL-10 and VEGF, which exhibited 
immunosuppressive activity by preventing the maturation of dendritic cells 378. 

In parallel to this tumor cell-intrinsic contribution to inflammation, dying tumor cells 
can trigger the inflammatory response 377. Inflammatory mediators released by necrotic cells 
include danger-associated molecular patterns (DAMPs) such as ATP, nucleic acids, heat 
shock proteins (Hsp70), high mobility group box-1 (HMGB1) protein and others, which 
contribute to efficient antigen presentation by dendritic cells (DCs) and activation of CD8+ T 
cells 377. Apoptotic tumor cells are considered as less immunogenic than necrotic cells and in 
some cases induce tolerance when engulfed by DCs 377. In addition, autophagy of cytoplasmic 
material (proteins, organelles), which can be induced by hyperactivation of BRAFV600E, might 
stimulate the release of HMGB1, suggesting another link between intrinsic tumor cell events 
and the immune response 377, 379. Moreover, autophagosomes are efficient antigen carriers, 
which can be released by dying tumor cells and engulfed by DCs, thus promoting antigen 
presentation 380. 

 
III.2 Activation of T cells and recognition efficiency  
 
Naïve CD8+ T cells need to be activated initially, or “primed”, by professional 

antigen-presenting cells (APCs), generally DCs, to become cytotoxic differentiated effectors, 
CD8+ CTLs 381 (Fig. 19A). DCs are endowed with the capacity to acquire exogenous antigenic 
peptides within tumor tissues, to respond to danger signals, such as DAMPs, and 
subsequently to process and cross-present antigenic peptides bound to major 
histocompatibility (MHC) class I molecules to naïve CD8+ T cells to promote their activation 
and clonal expansion 382 (Fig. 19B). In addition, CD4+ Th1 cells recognizing antigen presented 
on MHC class II molecules license DCs, through co-stimulation, to promote CD8+ T cell 
activation 383. The binding between peptide-MHC complexes on the surface of DCs and 
cognate TCRs on CD8+ and CD4+ T cells occurs in a MHC-restricted, antigen-specific 
manner, whereas CD8 and CD4 co-receptors enhance this binding. Other receptor-ligand 
interactions mediated by co-stimulatory and adhesion molecules promote productive 
activation of T cells 381. Whereas MHC class I molecules have a broad cellular distribution, 
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including melanocytes and their tumor counterpart, MHC class II molecules are normally 
expressed by professional APCs, such as DCs, macrophages and B lymphocytes, and become 
aberrantly expressed by melanoma cells 384. 

The tumor draining lymph nodes are considered as main sites where naive CD8+ T 
cells have the opportunity to survey DCs migrated from the tumor site 381. After appropriate 
activation, antigen-primed CD8+ T cells cell undergo proliferation and differentiation. Their 
progeny includes effector cells, which display effector CTL functions, such as release of 
cytokines and cytolysis, as well as memory CD8+ T cells, which can generate a new wave of 
effector cells after re-encounter of the antigen 383. CD4+ Th1 cells appear to promote not only 
priming of tumor-specific CD8+ T cells, but also their entry from the blood circulation to the 
tumor sites and secondary encounter with antigens presented on the surface of tumor cells 383. 
Importantly, observations made in mouse models of antitumoral immune response to 
melanoma suggest that tumor itself may be a site of activation of naive tumor-specific T cells 
385, 386. Indeed, tranferred naïve CD8+ T cells have appeared to infiltrate the tumor, to be 
primed by DCs and by tumor cells themselves, to proliferate and acquire an effector 
phenotype 385. In addition, transfer of small numbers of naïve tumor-reactive CD4+ T cells has 
been followed by their expansion, acquirement of cytotoxic activity and tumor rejection 386. 

In melanoma patients, frequencies, specificities and functional status of circulating 
and intratumoral antigen-specific T cells have been evaluated either in vitro, after 
restimulation and amplification, generally under clonal conditions, or directly ex vivo, without 
any antigen-specific stimulation 5, 387, 388. Following restimulation of T cells in vitro with 
autologous irradiated melanoma cells, clonal population of CTLs have been obtained that are 
able to specifically recognize via clonotypic TCR and subsequently lyse the same tumor cells 
as that used for stimulation, but also other tumor cells presenting the same antigenic peptide-
HLA complex 5. In some melanoma patients, the frequencies of tumor antigen-specific CTLs 
among blood CD8+ T cells have been found to be higher than the background frequencies of 
precursor CD8+ T cells recognizing a specific antigen in healthy individuals 5.  Moreover, in 
some patients tumor antigen-specific CTLs have been found to be highly enriched in 
metastases, whereas bulk populations of TILs derived from metastases have exerted cytolytic 
activity on fresh tumor cell preparations 5. 

The failure of the immune system to completely eradicate the tumor is thought to rely 
on inadequate (quantitatively and/or functionally) induction of the antitumoral immune 
response and/or a deficient effector phase. Thus, deficient maturation of DCs, impaired 
effector functions of T cells and an immunosuppressive tumor environment generated by 
immune, stromal and tumor cells have been incriminated 9, 388, 389. Scarce expression of 
proteins that give rise to tumor antigens might affect both the induction and effector phases of 
the antitumoral immune response. Thus, insufficient quantity of antigen engulfed by DCs and 
subsequently cross-presented to naïve CD8+ T cells would affect their priming, whereas 
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inefficient presentation of antigenic peptide-MHC class I complexes on the surface of the 
target tumor cells would result in escape of tumor cells from the recognition and lysis by 
CD8+ CTLs. Besides, inefficient antigen presentation by tumor cells may rely on mechanisms 
affecting different components of the antigen-processing and presenting machinery. Thus, the 
repertoire of the MHC class I-restricted antigens presented by melanoma cells can be either 
broadened or restrained due to differential expression of different proteasome types (standard, 
intermediate or immunoproteasome) and/or other proteolytic enzymes, such as insulin-
degrading enzyme 390, 391. Further, the components of MHC class I molecule, the light chain 
!2-microglobulin and the heavy chain represented by HLA-A, -B or -C molecule, exhibit 
either genetic alterations or downregulation in 16-55% of melanoma lesions, whereas TAPs 
(transporters associated with antigen processing) that transport antigenic peptides into the ER 
are estimated to be downregulated in up to 88% of melanoma lesions 384, 392-394.  

The quantity of peptide-MHC complexes influences the intrinsic affinity of the 
TCR/peptide-MHC interaction and is one of the major parameters determining the recognition 
efficiency of T cells, also referred to as functional avidity 395. The other parameters include 
the expression levels and spatial distribution of TCRs, CD8 co-receptors, co-stimulatory and 
adhesion molecules 387, 395-397. Recognition efficiency of T cells reflects the cumulative effect 
of these parameters and is defined as the functional reactivity to peptide-MHC ligands 395. It is 
evaluated by a several functional readouts, including the capacity of T cells to secrete effector 
cytokines (mainly IFN-& and TNF-#), to lyse target cells in an antigen-specific manner or to 
express cell surface markers, such as CD107a, a membrane glycoprotein of cytotoxic granules 
387, 395. IFN-& production is the most commonly used variable to detect the reactivity of CTLs 
against antigen-presenting targets, although cytokine-producing CD8+ T cells do not 
necessarily harbor lytic activity and vice versa 398, 399. The number of peptide-MHC complexes 
required for efficient CTL response is not definitely known and likely differs for particular 
tumor cell-CTL interaction. A very small proportion of the bulk of peptide-MHC complexes 
on the surface of the target cell is antigenic for a given TCR, and T cells appear to be sensitive 
to low quantities of specific antigen, with a threshold phenomenon being frequently observed 
400, 401. Thus, in a series of in vitro experiments, a minimum of three peptide-MHC complexes 
has been required to induce target cell death 401. Moreover, it has been proposed that FasL-
mediated cytotoxicity may be predominant at the lowest antigen levels (3-30 peptide-MHC 
complexes) and that higher antigen levels may promote the perforin-mediated transfer of 
granzymes 401.  

In melanoma, the recognition efficiency of T cells has been extensively studied ex vivo 
and in vitro, mainly in the context of interactions between antigen-specific CTL clones and 
melanoma cells harboring cognate peptide-HLA complexes 5, 388, 401. The origin of antigens 
presented on the surface of melanoma cells is highly diversified what reflects multiple genetic 
and epigenetic events that take place in melanoma cells in the course of tumorigenesis. 
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III.3 Antigens encoded by genes having altered expression or integrity in melanoma 
 
The molecular characterization of a melanoma antigen encoded by MAGE-A1 showed 

for the first time the antitumoral specificity of autologous T cells found in melanoma patients 
6. The antigen is a nonapeptide presented to CTL by HLA-A1 molecule 402. More than three 
hundred peptide/HLA combinations efficiently processed and presented by human tumor cells 
to T cells have been described since then 403. Many of them are induced or acquire antigenic 
potential due to the accumulation of genetic and epigenetic changes within tumor cells in the 
course of tumorigenesis. Thus, aberrant expression of MAGE-A1, and that of many other 
members of the cancer-germline (CG) group of genes, relies on the hypomethylation of their 
respective promoters. The protein products of CG genes give rise to numerous epitopes 
recognized by T cells in the context of both class I and class II HLA molecules in melanoma 
5. Quantitative analysis of MAGE-A1 expression in a set of melanoma cell lines indicated that 
a threshold of about three mRNA molecules per cell was required for CTL-mediated cytolysis 
404. When quantification of antigen/HLA complexes on the cell surface was performed for a 
LAGE-1/LAGE-2NY-ESO-1 -derived antigenic peptide presented by HLA-A2, the level of 10-50 
complexes was found to be sufficient for efficient CTL recognition evaluated by IFN-& 
production 405. Importantly, antigens encoded by CG genes are functionally tumor specific 
since they derive from proteins not expressed in normal cells, except for germline and 
trophoblast cells, which exhibit no or weak expression of HLA molecules 5.  

Some genes that are overexpressed in tumor cells relative to normal cells give rise to 
increased amount of antigens presented by HLA molecules on the tumor cell surface, leading 
to augmented T cell recognition. One example is PRAME (preferentially expressed antigen in 
melanoma) showing high prevalence of expression in melanoma lesions (about 90%) and 
expressed at about 100-fold higher levels in melanoma cell lines than in normal cells 406, 407. 

The expression of mRNA and proteins encoded by particular families of endogenous 
retrovirus (HERV) sequences, which have been integrated into the genome due to ancient 
germline infections by exogenous retroviruses, has been demonstrated in melanoma 408. The 
antigenic peptide encoded by a short ORF in the env (envelope) region of a HERV-K-MEL 
transcript has been found to be targeted by CTLs in a melanoma patient 409. Recent 
epidemiological studies revealed reduced risk of melanoma associated with administration in 
early childhood of bacille Calmette-Guerin and/or vaccinia virus vaccines, which harbor 
antigenic determinants homologous to antigen encoded by HERV-K-MEL, indicating a 
potential anti-melanoma activity of cross-reactive T cells stimulated by vaccines 408. 

Diverse aberrant protein products are detected on the surface of tumor cells thanks to 
the filter of the immune system discriminating “self” from “non-self” or “abnormal self”. 
About 20% of tumor antigens result from alterations in transcription (activation of intra-
intronic promoters with sense or anti-sense transcription, transcription of pseudogenes), 
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translation (incompletely spliced messages, translation of small alternative open reading 
frames) or post-translational changes (deamidation, proteasome-dependent peptide splicing) 5. 

Somatic point mutations in a number of genes have been demonstrated to give rise to 
new antigenic epitopes 410, 411. In melanoma, BRAF, NRAS, CTNNB1 (!-catenin) and CDK4 
are examples of genes whose genetic alterations are relevant for melanomagenesis and for 
immune recognition. BRAF and NRAS mutations that lead to constitutive activation of the 
ERK pathway have resulted in presentation of mutated antigens recognized by T cells 412, 413. 
A serine to phenylalanine substitution at position 37 of !-catenin, which leads to protein 
stabilization, has generated a peptide recognized by TILs of a melanoma patient 414. In another 
patient with metastatic melanoma, autologous CTLs have recognized a peptide derived from 
CDK4 harboring a mutation that confers resistance to p16 inhibition 415. 

In a recently performed screen for mutations in coding regions of five members of 
MAGE family, about one third of melanoma tissue samples harbored mutations in one or 
more MAGE genes with the frequency of mutations in individual MAGE genes ranging from 
6% in MAGE-A1 to 16% in MAGE-C1 416. Notably, 6 of 8 missense mutations identified in 
MAGE-A1 affect known antigenic peptides potentially altering their antigenicity 416. 

 
III.4 Antigens encoded by melanocyte differentiation genes and autoimmunity 
 
Surprisingly, CTL clones recognizing autologous melanoma cell lines have been 

found to recognize HLA-matched allogeneic melanocytes, suggesting presentation of 
common antigens 417. Indeed, expression of TYR, MLANA/MART-1, gp100/ SILV, TYRP-1 and 
DCT/TYRP-2 genes encoding melanosomal proteins gives rise to the processing and 
presentation by HLA class I and II molecules of so-called differentiation antigens 5. 
Differentiation antigens are self-antigens, thereby their targeting by the immune system 
should be avoided due to the central tolerance mechanism, which leads to deletion of T cells 
with high avidity to self-peptide/HLA complexes and positive selection of low avidity T cells 
in the thymus. In addition, self-reactive T cells can be tolerized in periphery following an 
encounter with an antigen in the absence of an activating stimulus and through the actions of 
regulatory cells. Unexpectedly, in the blood of over 70% of HLA-A2 healthy individuals, the 
frequencies of CD8+ T cells recognizing HLA-A2-binding peptides corresponding to amino 
acids 27-35 and 26-35 of Melan-A have revealed to be about 100-fold higher than generally 
observed frequencies of naive single epitope-specific CD8+ T cells 418. Sequence homology of 
a Melan-A peptide sequence with a broad range of self-derived peptides is proposed to result 
in cross-recognition of these peptides in the context of HLA-A2 molecules in the thymus, 
leading to positive selection of a large pool of low avidity Melan-A-reactive T cells with 
diverse TCR repertoire 418. These Melan-A-reactive CD8+ T cells remain naïve and the limited 
locations of melanocytes might explain the immunological ignorance in the periphery 418. 
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In marked contrast, T cells targeting melanocyte differentiation antigens can be 
activated in melanoma and in rare autoimmune disorders accompanied by local melanocyte 
loss. The frequencies of circulating T cells directed to Melan-A, tyrosinase and gp100 
epitopes are significantly higher in melanoma patients than in healthy individuals 419. Thus, 
CD8+ T cells recognizing HLA-A2-restricted Melan-A27-35 and tyrosinase368-376 antigens were 
estimated to represent 0.14-0.5% and 0.19-2% of total circulating CD8+ T cells, respectively 
420. In single-cell suspensions derived from melanoma metastases, the frequencies of Melan-
A-reactive T cells reached up to 16% of total CD8+ T cells 418. Importantly, circulating T cells 
targeting differentiation antigens, but not antigen-specific TILs analyzed ex vivo, displayed 
cytotoxic and cytokine-producing activities, indicating that T cells that had a history of 
antigen exposure failed, however, to exert their effector function within melanoma tissues 388, 

419. Nevertheless, following appropriate ex vivo stimulation, TILs could recover functional 
competence, suggesting the reversibility of functional tolerance at least in some cases 388. 

The overcome of natural immune tolerance to melanocyte differentiation antigens is 
thought to be the pathogenic basis of melanocyte destruction in the skin of vitiligo patients 
and in the eyes of patients with such potentially blinding disorders as Vogt-Koyanagi-Harada 
(VKH) disease and sympathetic ophthalmia 420-422. Vitiligo, which affects approximately 0.5-
1% of the population worldwide, is a skin depigmentation disorder characterized by local 
melanocyte loss from the dermo-epidermal junctions in association with the presence of 
cellular immune infiltrate in the affected skin 420. At the edge of the vitiligo lesions, 
melanocytes have been found to express reduced levels of MITF and KIT proteins 423. Some 
similarities have been observed between the antitumor immunity in melanoma and the 
autoimmunity in vitiligo, since CD8+ T cells directed to differentiation antigens and 
displaying a memory/effector phenotype have been found in both conditions at similar 
frequencies 420. However, the susceptibility of normal and tumor cells to immune responses 
may differ because of different tissue structure and/or inflammatory environment. Moreover, 
the quality of the cytotoxic responses seems to differ in the two pathologies 424. In vitiligo 
patients, Melan-A-specific CD8+ T cell populations have shown about six-fold higher TCR 
affinity to antigen, whereas particular CD8+ T cell clones have exhibited higher lytic activity 
and capacity for IFN-& production in response to HLA-matched melanoma cells 424. CD8+ T 
lymphocytes recognizing differentiation antigens were also found in melanoma-associated 
vitiligo, which occurs in approximately 3% of melanoma patients 363, 425. Melanoma-associated 
vitiligo has similar histological picture as classical vitiligo and represents a favorable 
prognostic factor in advanced melanoma 363, 425. Thus, immune reactivity to melanocytes in 
vitiligo may be regarded as the effective, but exaggerated variant of an immune response 
often ineffective in melanoma.  
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III.5 Major immunotherapeutic approaches in melanoma  
 
Immunotherapy is an important modality in the treatment of patients with malignant 

melanoma 5, 7, 8. Various immunotherapeutic approaches have been developed and can be 
divided into active and passive. Active approaches aim to induce or enhance endogenous 
antitumoral immune responses. To this end, various therapeutic vaccination strategies 
including administration of antigenic peptides, DNA or tumor cells (from the host or another 
patient) simultaneously with adjuvants stimulating the specific T cell response have been used 
in clinical studies 5, 7. The identification of tumor antigens recognized by autologous CD8+ 
CTLs allowed the use of defined antigens in vaccination of melanoma patients. Clinical trials 
using antigenic peptides encoded by genes of the MAGE family, particularly MAGE-A3 and 
MAGE-A1, and by melanocyte differentiation genes (MLANA, TYR, gp100) have 
demonstrated low toxicity, the generation of increased amounts of CD8+ CTLs targeting 
melanoma antigens, whereas clinical responses have been observed in up to 10 % of 
metastatic melanoma patients 5, 7, 426. 

Passive immunotherapy approach, namely adoptive T cell therapy (ACT), focuses on 
amplifying patients' T cells ex vivo followed by autologous re-infusion. Different sources of T 
cells have been used in ACT trials in melanoma: T cells expanded from TILs, antigen-specific 
T cell clones and peripheral blood T cells retrovirally transduced with T cell receptors that 
recognize melanoma antigens 427, 428. Lymphodepletion using radio- and/or chemotherapy 
before ACT, which aims to target immunosuppressive mechanisms and to enhance antitumor 
responses, has yielded objective response rates of 50% to 70% in metastatic melanoma 
patients, some of whom experience a complete and durable response 427. However, ACT-
based strategies are complicated by ex vivo manipulations and difficulties to maintain a pool 
of effector and memory tumor-reactive T cells after transfer in vivo. 

Besides antigen-specific immunotherapeutic strategies, antigen-non-specific 
approaches are employed, which take advantage of knowledge about co-stimulatory and 
adhesion molecules, cytokines and cytokine receptors involved in immune response 8. Given 
an increasing evidence of the role of the local immunosuppressive environment in melanoma 
9, several clinical strategies have been developed to block specific negative regulatory 
pathways that dampen antitumoral immune responses. For instance, treatment with 
monoclonal antibodies ipilimumab and tremelimumab, which block cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4), a receptor providing an inhibitory signal for T-cell activation, 
has yielded objective response rates of about 15% and, importantly, significantly improved 
survival in metastatic melanoma patients 429, 430.  

Autoimmune side-effects frequently associated with melanoma regression have been 
reported in up to 30% of patients that have followed various immunotherapeutic regimens, 
especially employing ACT and treatment with CTLA-4 blocking antibodies, 429, 431-433. 
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Immune-related side effects may include colitis, hepatitis and dermatitis, which are likely 
relevant of generally broken self-tolerance 429, 433. Other clinical manifestations may include 
vitiligo, uveitis, alopecia, hair whitening and hearing loss 431-433. These side effects generally 
occur secondary to antigen-targeting immunotherapy regimens and may indicate the induction 
of the autoimmunity to melanocyte differentiation antigens 431-433. 

The exact mechanisms allowing an efficient antitumoral immune response to be 
reliably triggered by immunotherapy are not entirely elucidated. Their understanding would 
allow finding the optimal strategies to shift a tumor-promoting immunosuppressive 
environment to a tumor-suppressive immunoreactive one and to avoid at the same time severe 
autoimmune side effects. 

 
IV. Aims of the study 
 
The presence of T cell-mediated immune responses against specific tumor antigens in 

melanoma patients and recent advances in immunotherapy of melanoma support the evidence 
that the balance between antitumor immunity and tumor-promoting inflammation may be 
skewed towards tumor suppression. The end point of many immunotherapeutic strategies is 
the enhancement of an effective immune response to recognize and eliminate tumor cells 
expressing the appropriate antigen. It is obvious that generation of large numbers of antigen-
specific T cells may not be sufficient to trigger tumor regression if the antigen expression is 
inadequate or inconsistent. The quantitative evaluation of the expression levels of genes 
encoding melanoma antigens allows an indirect evaluation of antigen presentation on the 
surface of target melanoma cells. In addition, functional in vitro assays using antigen-specific 
T cell clones can indicate whether the changes of antigen expression modify the recognition 
and destruction of melanoma cells by T cells. A comprehensive understanding of the factors 
influencing the expression of tumor antigens is crucial not only to improve antitumor 
immunity, but also to control undesirable responses and toxicity due to exaggerated 
enhancement of autoimmune responses by some immunotherapeutic strategies. Two studies 
were initiated at the Brussels Branch of the Ludwig Institute for Cancer Research with the 
goal of understanding molecular mechanisms that contribute to the transcriptional regulation 
of genes encoding melanoma antigens. One study aimed to assess the potential role of BORIS 
transcriptional regulator in activation of cancer-germline genes, such as MAGE-A1, in 
melanoma. The other study was based on an observation of the transcriptional downregulation 
of genes encoding melanocyte differentiation antigens by some inflammatory cytokines. It 
focused on the mechanisms of downregulation of MITF-M, known as the crucial 
transcriptional activator of genes encoding melanocyte differentiation antigens, in the 
presence of IL-1! and IL-1# cytokines.  
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Abstract 
 
Several genes with specific expression in germ cells show aberrant activation in different 
types of tumors. These genes, termed cancer-germline genes, encode tumor-specific antigens, 
which represent potential targets for therapeutic vaccination against cancer. The germline-
specific gene BORIS (Brother Of the Regulator of Imprinted Sites), which encodes an 11-
zinc-fingers transcriptional regulator, was recently qualified as a new cancer-germline gene, 
as it was found to be activated in a variety of tumor samples. Moreover, it was suggested that 
BORIS might be responsible for the activation of most other cancer-germline genes, including 
gene MAGE-A1, in tumors. In the present study we evaluated the frequency of BORIS 
activation in melanoma by quantitative RT-PCR. BORIS activation was detected in 27% 
(n=63) melanoma tissue samples. Surprisingly, many melanoma samples expressed MAGE-
A1 and other cancer-germline genes in the absence of BORIS activation, suggesting that 
BORIS is not an obligate factor for activation of these genes in melanoma. Consistently, 
forced expression of BORIS in melanoma cell lines did not induce expression of MAGE-A1. 
Our results indicate that BORIS may serve as a useful target for immunotherapy of 
melanoma. However, it appears that BORIS is neither necessary nor sufficient for the 
activation of other cancer-germline genes. 
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Introduction 
 
Cancer-germline (CG) genes, also referred to as cancer-testis (CT) genes, are characterized by 
a unique expression pattern 287, 434. They are expressed in male germ cells and, in some cases, 
in female germ cells and in trophoblast, but not in adult somatic tissues. However, CG genes 
are activated in a number of human cancers of different histological types. Aside from this 
particular expression profile, CG genes share some other characteristics, including frequent 
existence as multigene families, frequent mapping to chromosome X and, for many of them, 
immunogenicity of their protein products. Indeed, the activation of several CG genes in 
tumors leads to the expression of antigens that can be recognized by autologous T-cells and 
by antibodies 434. As germ line cells do not express the classical HLA class I molecules and 
therefore cannot present antigens to T cells, antigens encoded by CG genes are strictly tumor-
specific. Consequently, these antigens represent promising targets for cancer immunotherapy 
and are currently used in therapeutic vaccination trials of cancer patients 5. 

The mechanisms underlying activation of CG genes in tumors are only partially 
understood. Growing evidence points to epigenetic modifications as the regulatory basis of 
selective expression of CG genes. DNA methylation, in particular, appears to have an 
essential role in the repression of these genes in normal somatic tissues 284, 286, 435. Consistently, 
expression of CG genes was shown to be induced by treatment with demethylating agents, 
such as 5-aza-2’-deoxycytidine (5-azadC), or by direct targeting of DNA methyltransferases 
using antisense oligonucleotides or siRNA 322, 324, 326. Activation of CG genes in tumor cells is 
associated with demethylation of their promoters, which probably occurs in the course of the 
genome-wide demethylation process characteristic to tumors 233, 284. The processes leading to 
hypomethylation of DNA sequences in tumor cells remain obscure. We undertook to address 
this issue by using MAGE-A1, the founding member of the CG group of genes 6, as a model. 
Our observations suggest that hypomethylation of CG gene promoters in tumors relies on a 
historical event of DNA demethylation, and on the presence of appropriate transcription 
factors to protect their promoter against remethylation 323, 326. The factors that are responsible 
for the initial DNA demethylation process and for maintaining CG gene promoters 
unmethylated remain to be identified. 

CTCF (CCCTC-binding factor) is an 11-zing-fingers protein that binds multiple DNA 
sequences. Target sequences are generally unmethylated, and it has been proposed that CTCF 
binding might be essential to maintain this unmethylated status. As such, CTCF is involved in 
various aspects of gene regulation, including gene imprinting and X chromosome inactivation 
436, 437. A testis-specific paralog of CTCF, known as BORIS (Brother of the Regulator of 
Imprinted Sites), has been isolated 343, 346. The amino acid sequence of the central 11-zinc-
fingers region of BORIS exhibits high homology to that of CTCF, and both proteins were 
shown to bind overlapping DNA sequences 346, 349, 353, 359. However, BORIS and CTCF contain 
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divergent amino- and carboxy-terminal domains, suggesting distinct functions. Although the 
exact role of BORIS remains unclear, it has been proposed that by replacing CTCF at specific 
genomic sites, BORIS may modify DNA methylation patterns in male germ line cells 438.  

Interestingly, the gene encoding BORIS qualifies as a member of the CG group of 
genes, as it was shown to be aberrantly activated in different malignancies 349, 353. The studies 
however, analyzed only limited amounts of tumor samples. Nevertheless, BORIS mRNA was 
detected in a remarkably high proportion (up to 90%) of cancer cell lines (including 
melanoma cell lines) and primary tumors 349, 353. Like other CG genes, BORIS appears to be 
regulated by DNA methylation, as suggested by its induction following 5-azadC treatment 349, 

350.  
Given the presence of BORIS in tumor cells and its possible contribution to epigenetic 

processes, the role of BORIS in the regulation of other CG genes was recently investigated 349, 

353. One study reported derepression of the MAGE-A1 gene and partial demethylation of its 
promoter upon conditional ectopic expression of BORIS in cultured normal human dermal 
fibroblasts 349. Consistently, MAGE-A1 appeared to contain a CTCF/BORIS binding site near 
its transcription start region. Surprisingly, binding of CTCF to this site appeared to be 
insensitive to the methylation status. According to the study, the activation of MAGE-A1 in 
BORIS-expressing cells was associated with a switching from CTCF to BORIS occupancy at 
this target sequence. In addition to MAGE-A1, several other CG genes, including MAGE-A2, 
MAGE-A4, MAGE-B1 and LAGE-2NY-ESO-1, were activated in response to the ectopic 
expression of BORIS. Moreover, induction of BORIS by 5-azadC appeared to precede that of 
MAGE-A1, and it was suggested that BORIS is the essential mediator of 5-azadC for MAGE-
A1 derepression. 

Considering the reported high frequency of BORIS expression in melanoma cell lines 
349, we decided to assess the frequency of BORIS activation in a panel of primary and 
metastatic melanoma samples. The expression of BORIS was investigated by quantitative RT-
PCR. We detected BORIS expression in a substantial fraction of the samples. The frequency 
of BORIS activation was however considerably lower than that of MAGE-A1 and other CG 
genes. As a corollary, many melanoma samples expressed MAGE-A1 and other CG genes in 
the absence of BORIS, suggesting that BORIS may not be involved in CG activation in 
melanoma. We therefore decided to assess the role of BORIS in the induction of MAGE-A1 in 
melanoma cells, by testing the effect of forced expression of BORIS in two melanoma cell 
lines. Similar experiments were also performed in a sarcoma cell line, in immortalized human 
keratinocytes and in normal human fibroblasts.  
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Materials and methods 
 
Tissue samples and cell lines 
Tissue samples were collected at resection. They were frozen immediately in liquid nitrogen 
and stored at –80°C until RNA isolation. EB16-MEL, SK-MEL-23 and LB23-SAR cell lines 
were grown in Iscove’s medium supplemented with 10% fetal bovine serum (FBS, HyClone, 
Perbio); 0.55 mM L-arginine HCl; 0.24 mM L-asparagine; 1.5 mM L-glutamine; 200 U/ml 
penicillin and 100 µg/ml streptomycin at 37°C in a humidified atmosphere of 8% CO2. 
Immortalized human keratinocyte cell line HaCaT 439 (received from Dr. A. Moustakas, 
Ludwig Institute for Cancer Research, Uppsala), normal human foreskin fibloblasts HFF2 
(received from Dr. A. Decottignies, Institute of Cellular Pathology, Brussels), and 293T cells 
were maintained in DMEM containing 10% FBS and antibiotics. 

 
5-Aza-2'-deoxycytidine treatment 
Cells grown to 60–70% confluence were exposed to a single dose of 2µM 5-aza-2'-
deoxycytidine (Sigma), and maintained in culture for a period of time corresponding to at 
least three population doublings (4 days for SK-MEL-23, LB23-SAR and HaCaT cell lines, 5 
days for HFF2, and 6 days for EB16-MEL cell line) before RNA or DNA extraction. 

 
Construction of pBORIS plasmid 
A plasmid carrying the BORIS cDNA sequence was isolated from a human testis cDNA 
library (Clontech) by PCR screening on successive subgroups. The isolated clone however 
contained a truncated BORIS cDNA sequence, which lacked about 1 Kb of the 5’ portion, 
including part of the open reading frame (ORF). The missing BORIS sequence was amplified 
from cDNA of an expressing non-small cell lung cancer cell line (LB61-NSCLC) using 
proofreading PrimeSTARTM HS DNA polymerase (Takara Bio Inc.) with a sense primer 
(GAGAATTCATTATGGCAGCCACTGA) overlapping the translation start site and 
containing a 5' overhang with an EcoRI site, and an antisense primer 
(TACGAATGTGAGCGGTCATA) located in exon 9. We purified an EcoRI-Eco47III 
fragment (comprising exon 1 to 8) from this PCR product, and an Eco47III-XbaI fragment 
(exon 8 to 11) from the truncated BORIS cDNA clone. Both fragments were co-ligated within 
EcoRI-XbaI digested pcDNA3 vector (Invitrogen), which carries a geneticin resistance gene 
for selection of transfected cells. Plasmid DNA was purified with the Endofree Plasmid Maxi 
kit (Qiagen). The sequence of BORIS was verified using the ABI PRISM BigDye Terminator 
Cycle Sequencing Ready Reaction Kit (Applied Biosystems). Compared with the human 
BORIS sequence published previously 346, the sequence in pBORIS contains a G to C 
substitution at position 230 (relative to the transcription start site) leading to a Q50E amino 
acid substitution within the N-terminal part of the protein (outside of the 11-zinc-fingers 
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domain). This nucleotide substitution corresponds to a frequent polymorphic variant (more 
than 30% of the population is homozygous for this allele, see NCBI SNP reference: rs 
6070128). Homozygosity for this polymorphism was also detected in a MAGE-A1-expressing 
tumor, indicating that it is not incompatible with the activation of MAGE-A1.  

 
Transfections 
EB16-MEL and SK-MEL-23 cells (1 x 106) were seeded into 75 cm2 flasks and transfected at 
50-60% confluence with a total DNA amount of 20 µg (including carrier DNA) using ExGen 
500 (Fermentas, Inc., Hanover, MD) according to the instructions of the manufacturer. LB23-
SAR cells were plated at 1 x 106 cells in 75 cm2 flasks 1 day prior to transfection by the 
calcium phosphate precipitation method 402. HaCaT cells were transfected in six-well plates 
with LipofectAMINE 2000 Reagent (Invitrogen, Carlsbad, CA) according to the instructions 
of the manufacturer. After 48 h of incubation geneticin was added in culture media and 
transfectants were selected for 3-4 weeks. For transient transfection experiments, cells were 
analyzed 72h after transfection. 

 
Conventional and Quantitative RT-PCR 
Several RNA samples of normal tissues were purchased from Clontech (BD Biosciences 
Clontech, Palo Alto, CA) or Ambion Inc. (Austin, TX). For the other samples, total RNA was 
extracted using TriPure Isolation Reagent (Roche Applied Science) or the guanidinium-
isothiocyanate / cesium chloride procedure. Total RNA extracted from transiently tranfected 
cell lines was treated with DNase (Turbo DNA-free, Ambion Inc.), to eliminate 
contaminating plasmid DNA. Reverse transcription was performed on 2 µg of total RNA 
using oligo-dT primer as described previously 440. The different transcripts were amplified by 
PCR from 1/40th of the reverse transcription reaction. Conditions of conventional RT-PCR 
have been described elsewhere 319. Primers used for amplification of BORIS and ACTINB 
were the same for both conventional and real-time quantitative PCR. Quantitative RT-PCR 
amplifications were performed as previously described using the reaction mix of Eurogentec 
(Seraing, Belgium) 441. The PCR primers and specific 5'-FAM/3'-TAMRA labeled probes 
synthesized commercially (Eurogentec) are described in Supplementary Table1. Samples for 
quantitative PCR were assayed in duplicate. Expression levels are represented as a ratio to 
2000 ACTINB mRNA copies (we estimated previously that 2000 is the mean amount of 
ACTINB mRNA molecules in one cell). For the analysis of transient and stable transfectants, 
non-reverse transcribed RNA controls were included, and the values obtained were subtracted 
from their reverse transcribed counterparts.  
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Western blot 
Nuclear extracts were prepared using the Nuclear/Cytosol fractionation kit (BioVision). 
Protein samples were separated on a NuPAGE® 4-12% Bis-Tris gel (Invitrogen; Carlsbad, 
CA) in MOPS Running Buffer, with NuPAGE® antioxidant added to the inner chamber, 
according to manufacturer's instructions (XCell Sure Lock™). Proteins from the gel were 
transferred to a Hybond-ECL nitrocellulose membrane (Amersham Biosciences) using XCell 
II™ Blot Module. Membranes were incubated in a phosphate-buffered saline blocking 
solution containing 2.5% dry milk and 0.1% Tween-20 for 1 hour and then probed with 
primary antibodies in a new blocking solution containing anti-BORIS rabbit polyclonal 
antibody, ab18337 (1:7500 dilution; Abcam Ltd.) or anti-p80 Ku mouse monoclonal 
antibody, clone GE2.9.5 (1:1000 dilution; Upstate BioScientific, Lake Placid, NY). 
Membranes were washed and incubated with either donkey anti !-rabbit IgG-HRP sc2313 
(1:10000 dilution; Santa Cruz Biotechnology) or !goat anti-mouse IgG-HRP sc2005 (1:2000 
dilution; Santa Cruz Biotechnology) secondary antibodies and revealed using the SuperSignal 
West-Femto or West-Pico chemiluminescent substrates (Pierce). Reactivity was observed 
using CL-X posure™ autoradiographic film (Pierce). 
 
Sodium bisulfite genomic sequencing 
Sodium bisulfite genomic sequencing of the MAGE-A1 5' region was performed as described 
previously 323. 
 
Retrovirus production and transduction of target cells 
The retroviral vector pLN-BORIS was constructed by subcloning an Ecl136II-BamHI 
fragment from pBORIS, comprising the human BORIS coding sequence, into BglII and StuI 
sites of pLNCX2 vector containing a neomycin resistance gene (Clontech, Palo Alto, CA). 
Recombinant retroviruses were produced by transient co-transfection of 293T cells in 100-
mm tissue culture dishes with 7,5 µg of each pVPack-GP, pVPack-VSV-G (both from 
Stratagene) and pLNCX2 or pLN-BORIS retroviral expression vectors using the calcium 
phosphate precipitation method. The medium was replaced 4 h later, and virus-containing 
supernatants were harvested 48 h and 72 h posttransfection. Supernatants were centrifuged, 
filtered through a 0.45-µm filter (Millipore, Ireland) and directly used to transduce target 
cells. HFF2 fibroblasts (4 x 105 cells) were plated in 75 cm2 flasks and 24 h later, cell medium 
was removed, and 10 ml of specific and control viral supernatants were added, followed 3 h 
later by the addition of 10 ml of cell-growing medium. The transduced cells were then 
incubated for an additional 48 h at 37°C before selection with geneticin. Transduced cells 
were selected for 25 days. Western blot analyses on nuclear extracts from pLN-BORIS-
transduced HFF2 cells indicated that the BORIS protein was efficiently produced and was 
translocated into the nucleus (supplementary Fig. S1). 
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Results 
 
Analysis of BORIS expression in melanoma  
A previous study using conventional RT-PCR reported aberrant derepression of the testis-
specific gene BORIS in a vast majority of tumor tissues and cell lines of different types 349. 
The study included 10 melanoma cell lines, 9 of which scored positive for BORIS expression. 
Surprisingly, our preliminary RT-PCR experiments failed to detect a high frequency of 
BORIS expression in a series of tumor cell lines, including 5 melanoma and 2 sarcoma cell 
lines (Fig. 1a). In contrast, CTCF was strongly expressed in all tested samples. The 
discrepancy between our results and the previous study could be explained by the different 
number of amplification cycles performed (31 cycles instead of 40-45 cycles). High numbers 
of PCR cycles may however lead to the occurrence of false positives, resulting from the 
amplification of irrelevant background mRNA levels. To resolve this problem, we decided to 
use real-time quantitative RT-PCR to accurately determine the level of BORIS expression.  

We first evaluated the level of expression of BORIS in normal tissues obtained from 
tumor-free individuals (Fig. 1b). As expected, only in testis did we detect a significant level 
of BORIS expression. Background levels of BORIS mRNA, not exceeding 0.3% of the level 
in testis, were detected in several somatic tissues. Based on these results, we defined a 
threshold level of BORIS activation, which corresponded to the highest level of BORIS 
mRNA in normal somatic tissues (equal to 0.1 copy of BORIS mRNA/2000 copies of 
ACTINB mRNA). Tumor samples exhibiting BORIS mRNA levels above this threshold would 
be scored positive for BORIS activation. Using these criteria, we conducted the analysis of 
BORIS expression in tissue samples of primary and metastatic melanomas. BORIS was found 
to be activated in 16% (n=25) of primary melanomas and in 34% (n=38) of metastatic 
melanomas (Fig. 1c). The actual frequency of BORIS activation in melanoma cells may be 
underestimated when assessing melanoma samples, because of the heterogeneous nature of 
the tumor tissues. We therefore performed the analysis of BORIS expression in melanoma cell 
lines, which represent pure populations of tumor cells. Activation of BORIS was observed in 
59% of the cell lines (n=32) (Fig. 1c). Altogether, these data indicate that, although BORIS is 
activated in a substantial fraction of melanoma samples, it does not appear to be so in the vast 
majority of the tumors.  
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Figure 1. Expression of BORIS and MAGE-A1 in normal tissues, melanoma tissues, and melanoma 
cell lines. (a) In an initial experiment, the expression of BORIS, CTCF, and ACTINB (used as an 
internal control) was tested by conventional RT-PCR in the indicated samples, including 5 melanoma 
cell lines (-MEL) and 2 sarcoma cell lines (-SAR). The numbers of PCR cycles performed are 
indicated. (b) The level of BORIS and MAGE-A1 expression was evaluated in a series of normal 
somatic tissues, by quantitative RT-PCR. Two different RNA samples were used for each tissue. A 
threshold level of activation was set for BORIS (dashed line). It corresponds to the highest level of 
BORIS mRNA detected among normal somatic tissues. (c) BORIS and MAGE-A1 expression levels 
were also evaluated by quantitative RT-PCR in a series of primary melanoma tumors, melanoma 
metastases, and melanoma cell lines. The percentages of samples showing activation of BORIS or 
MAGE-A1 are indicated. Samples were scored positive for BORIS, when the expression level of the 
gene was significantly higher than the threshold level defined in panel b (dashed line). The same 
threshold level was applied to the analysis of MAGE-A1 activation. Each value represents mean + SE. 
All quantitative RT-PCR data derive from two independent experiments. 
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MAGE-A1 and BORIS are not always co-expressed in melanoma samples  
Given the proposed role of BORIS in the activation of other CG genes 349, we decided to 
investigate whether CG genes were activated exclusively in melanomas expressing BORIS. 
We first assessed the expression of the MAGE-A1 gene, because the involvement of BORIS in 
the regulation of this CG gene has been the most extensively studied. In normal tissues, 
MAGE-A1 transcripts were found to be present in testis, and at a lower level in placenta, but 
were undetectable in normal somatic tissues (Fig. 1b). In melanoma samples, MAGE-A1 was 
activated at a higher frequency than BORIS (p-value = 0.0192, double-sided t-test; Fig. 1c). 
As a consequence, MAGE-A1 activation was detected in 17 melanoma tissues and 6 cell lines 
that scored negative for BORIS activation (Fig. 1c, Table I). We also analyzed the expression 
of other CG genes, namely MAGE-A2, MAGE-A4, MAGE-B1 and LAGE-2NY-ESO-1, in a 
fraction of the metastatic melanoma tissue samples. Activation of these CG genes, which have 
been proposed to be regulated by BORIS as well, was found in a substantial proportion of 
samples, including samples that were negative for BORIS activation (Table I). Taken together, 
these results indicate that sustained transcription of MAGE-A1 and of other CG genes in 
melanoma does not rely on the presence of BORIS. There was however some level of 
correlation between the expression of BORIS and other CG genes in the melanoma samples 
(Table I). This is expected for a group of genes that share a common mechanism of activation. 
 

TABLE I.  LACK OF A STRICT ASSOCIATION BETWEEN THE EXPRESSION OF BORIS  
AND OTHER CG GENES IN MELANOMA TISSUE SAMPLES. 

 BORIS expression*  
  Fisher's exact 
Expression of other CG genes* + - test (p-value) 
 
MAGE-A1 (n=63) + 14 (22%) 17 (27%) 0.001 
 - 3 (5%) 29 (46%) 
MAGE-A2 (n=32) + 8 (25%) 11 (34%) 0.035 
 - 1 (3%) 12 (38%) 
MAGE-A4 (n=22) + 6 (27%) 6 (27%) 0.012 
 - 0 10 (46%) 
MAGE-B1 (n=32) + 4 (13%) 1 (3%) 0.008 
 - 4 (13%) 23 (72%) 
LAGE-2NY-ESO-1 (n=32) + 5 (16%) 4 (13%) 0.040 
 - 4 (13%) 19 (59%) 
 
Values in parantheses are in percentages. 
* The expression status was determined by quantitative RT-PCR, as described in Fig.1. Associations 
between the expression of a particular CG gene and BORIS were assessed with Fisher’s exact test (p-
values). Although significant associations were found, tumor samples expressing MAGE or LAGE 
genes but not BORIS were commonly detected (bold).  



Results – Part I 

 95 

Exogenous expression of BORIS in melanoma cells does not lead to CG gene activation 
One could still argue that BORIS is required only for the initial event of activation of CG 
genes, and that other transcription factors take over to maintain the genes active. According to 
this view, a transient phase of BORIS expression would be sufficient to induce permanent 
activation of CG genes. This may explain the lack of co-expression of BORIS and other CG 
genes in certain melanomas, in which BORIS expression would have been lost at some stage 
of the tumor development. We decided therefore to evaluate the potential of BORIS in the 
activation phase of MAGE-A1 in melanoma cells, by testing the effect of forced expression of 
BORIS. For the experiments, we chose EB16-MEL and SK-MEL-23 melanoma cell lines, 
because they were initially negative for both BORIS and MAGE-A1 activation. Both genes 
however, were induced following 5-azadC treatment, indicating that DNA methylation is 
involved in their repression in these cells (Fig. 2a). Moreover, activation of MAGE-A1 by this 
treatment indicated that both cell lines possess all required factors to support expression of 
this gene upon demethylation. EB16-MEL and SK-MEL-23 cells were transfected with 
increasing amounts of a BORIS-encoding plasmid (pBORIS) or with the empty vector, and 
were analyzed 72 hours after transfection. Quantitative RT-PCR analyses revealed high levels 
of BORIS expression upon transfection with pBORIS (Fig. 2a). Furthermore, Western blot 
analyses on nuclear protein extracts of BORIS-transfected cells indicated that the protein was 
efficiently produced and was translocated into the nucleus (Fig. 2b). Exogenous expression of 
BORIS, however, did not induce significant increases in the expression of MAGE-A1, as 
measured by quantitative RT-PCR (Fig. 2a).  

One possible explanation for the lack of activation of MAGE-A1 in transfected cells is 
that the time of exposure of the gene to BORIS was insufficient to support its activation. 
Derepression of epigenetically silenced genes may indeed require longer time and more cell 
generations. We therefore decided to derive stable transfectants in order to test the effect of 
long-term expression of BORIS on the activation of MAGE-A1. EB16-MEL and SK-MEL-23 
cells that had been transfected with pBORIS were selected according to their resistance to 
geneticin, which was conferred by the transgene vector. Pools of transfectants, representing 
several hundreds of clones, were used for subsequent analyses without further subcloning, in 
order to avoid the possibility of selecting clones not representative of the entire transfected 
population. Quantitative RT-PCR analyses on EB16-MEL and SK-MEL-23 transfected 
populations indicated that the levels of BORIS expression in these cell cultures were 
comparable to those observed in cell lines in which the gene is constitutively expressed 
(compare Fig. 2c and Fig. 1c). As shown in figure 2c, even one month after transfection, 
forced expression of BORIS in both melanoma cell lines did not result in the activation of 
MAGE-A1. We also tested the expression of other CG genes, including MAGE-A2, MAGE-
A4, MAGE-B1 and LAGE-2NY-ESO-1, in the transfected populations, but none of them were 
induced in the BORIS-expressing cells (supplementary Fig. S2). Taken together, these data 
indicate that over-expression of BORIS is not sufficient to induce activation of CG genes in 
melanoma cells. 
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Figure 2. Forced expression of BORIS does not lead to MAGE-A1 activation in melanoma cell lines. 
(a) EB16-MEL and SK-MEL-23 melanoma cell lines were transfected with increasing amounts of the 
vector pBORIS, which contains the entire open reading frame of BORIS, or with the empty vector. 
BORIS and MAGE-A1 expression levels were assessed by quantitative RT-PCR 72 hours after 
transfection. The expression level of these genes was also measured after treatment of the cells with 
the methylation inhibitor 5-azadC. Each value represents mean + SE. (b) Western blot analyses with 
antibodies directed against BORIS were performed on nuclear extracts from EB16-MEL and SK-
MEL-23 transfectants. Detection of p80Ku was performed to verify equal loading in the different 
lanes. (c) EB16-MEL and SK-MEL-23 cells were transfected with pBORIS or the empty vector, and 
selected according to their resistance to geneticin, which was conferred by the vector. Four weeks after 
transfection, the stable transfectants were assessed for BORIS and MAGE-A1 expression levels by 
quantitative RT-PCR. Each value represents mean + SE. All quantitative RT-PCR data derive from 
two independent experiments. 
 
MAGE-A1 methylation patterns following ectopic expression of BORIS in melanoma cells 
We examined whether the ectopic expression of BORIS in both melanoma cell lines induced 
methylation changes in the 5' region of MAGE-A1. To this end, DNA was extracted from 
EB16-MEL and SK-MEL-23 cells that had been stably transfected with either pBORIS or the 
empty vector. DNA was also obtained from both cell lines exposed to 5-azadC. We applied 
the sodium bisulfite genomic sequencing method to analyze the methylation status of 17 CpG 
sites located between positions -81 and +169 relative to the transcription start site of MAGE-
A1. Whereas this region of MAGE-A1 showed marked demethylation following 5-azadC 
treatment, its overall methylation level was not significantly affected by the ectopic 
expression of BORIS (Fig. 3). In SK-MEL-23 cells however, a cluster of five CpGs located 
within the first intron of MAGE-A1, between positions +129 and +169, showed a reduced 
level of methylation in the pBORIS-transfected group (6.7% methylated CpGs), as compared 
with the empty vector control group (21.1%, p-value = 0.005, Chi-square test). This 
observation is in accordance with the study by Vatolin et al., which showed partial 
demethylation of the same five CpGs in human fibroblasts that were induced to express 
BORIS 349. However, demethylation of these intronic CpG sites does not appear to influence 
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the transcriptional status of MAGE-A1. We showed previously that the activation of MAGE-
A1 is strongly associated with the demethylation of six CpGs located closer to the 
transcription start site, between positions -30 and +30 284, 323. This cluster of CpGs was mostly 
methylated (>80%) in both MAGE-A1-negative melanoma cell lines, and remained so even 
after long-term expression of BORIS (Fig. 3). In contrast, these CpGs were significantly 
demethylated in the 5-azadC-treated cells (<45% methylated CpGs), where MAGE-A1 is 
activated. Together these data indicate that the CpGs that impact on the transcription of 
MAGE-A1 remain methylated in melanoma cells that were induced to express BORIS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Methylation status of the 5' region of MAGE-A1 in melanoma cells transfected with 
pBORIS. DNA was extracted from EB16-MEL and SK-MEL-23 cells either four weeks after 
transfection with pBORIS or the empty vector, or 72 hours after exposure to 5-azadC. DNA samples 
were treated with sodium bisulfite, and the 5' region of MAGE-A1 was amplified by PCR. The 
amplified region of MAGE-A1 is represented at the top with vertical bars at the location of CpG 
dinucleotides, a broken arrow at the transcription start site, and a black box corresponding to the first 
exon. PCR products were cloned, and several clones were sequenced. The deduced CpG methylation 
patterns are represented by the squares: filled squares, methylated cytosines; empty squares, 
unmethylated cytosines. Each line derives from the sequence of one clone, and gives the methylation 
patterns of a single DNA molecule. The overall level of methylation within the region is given 
(percent methylated CpGs). 
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Lack of BORIS-induced activation of MAGE-A1 in other cell types 
In order to extend the transfection experiments to other cell types, we decided to assess the 
effect of BORIS over-expression in a human sarcoma cell line (LB23-SAR), in immortalized 
human keratinocytes (HaCaT), and in normal human fibroblasts (HFF2). None of these cells 
expressed BORIS nor MAGE-A1 above background levels before treatment (Fig. 4). MAGE-
A1 was induced by 5-azadC in all three cell cultures. In contrast, induction of BORIS was 
very weak in 5-azadC-treated HaCaT and HFF2 cells (Fig. 4). This observation is inconsistent 
with the model proposed by Vatolin et al., in which CG gene induction by 5-azadC relies on 
prior activation of BORIS 349. LB23-SAR and HaCaT cells were transfected with pBORIS, 
while HFF2 fibroblasts were transduced with a BORIS-expressing retroviral vector (pLN-
BORIS). Cells were thereafter selected for their resistance to geneticin, which was conferred 
by the vectors. Quantitative RT-PCRs, which were performed 3-4 weeks after transfection, 
indicated that all three selected populations expressed BORIS. However, forced BORIS 
expression in these cells did not result in the activation of MAGE-A1 (Fig. 4). These data 
indicate that the lack of induction of MAGE-A1 following forced expression of BORIS is not 
restricted to melanoma cells. 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 4. Lack of induction of MAGE-A1 by BORIS in nonmelanoma cell types. LB23-SAR 
sarcoma cells, HaCaT immortalized human keratinocytes, and HFF2 normal human fibroblasts 
were transfected or transduced with a BORIS-expressing vector or with the corresponding empty 
vector, and selected according to their resistance to geneticin, which was conferred by the vectors. 
Three to four weeks after transfection or transduction, the selected cell populations were assessed 
for BORIS and MAGE-A1 expression levels by quantitative RT-PCR. The level of expression of 
these genes was also assessed in LB23-SAR, HaCaT or HFF2 cells that had been exposed to 5-
azadC. Each value represents mean + SE. All quantitative RT-PCR data derive from two 
independent experiments. 
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Discussion 
 

Tumor-specific antigens encoded by CG genes represent attractive targets for cancer 
immunotherapy. The germline-specific gene BORIS was recently defined as a new CG gene, 
as it was found to be activated in different malignancies. Because our group is currently 
focusing on antitumor vaccinations in melanoma patients, we decided to assess the frequency 
of activation of BORIS in melanoma. We found activation of BORIS in a substantial fraction 
of melanoma tissue samples (27%). The level of BORIS mRNA in several melanoma samples 
was similar to that in testis, where the gene is naturally expressed, and where the protein 
could be readily detected 346, 350. This level of expression should be sufficient to allow efficient 
recognition of BORIS-derived antigenic peptides by T lymphocytes. BORIS peptide 
sequences that can be processed properly to be presented at the cell surface by HLA class I 
molecules, remain to be identified.  

The frequency of BORIS activation appeared to be higher in metastatic melanoma 
samples, as compared with primary lesions. This tendency has already been observed for 
other CG genes 434. This may reflect a positive role of BORIS and other CG genes in the 
metastatic process, and therefore selection for expression of these genes during progression of 
the disease. However, to date there is no clear evidence that CG genes play such a role. 
Another explanation for the higher frequency of CG gene expression in metastases may relate 
to the process of activation of these genes. Thus, the DNA demethylation process, which 
underlies the activation of CG genes and probably of BORIS as well, may coincide with one 
of the numerous steps associated with tumor progression. In this case, the chance that this 
demethylation process occurred would be higher in tumors that are at later stages of 
progression. Of note, the increased frequency of CG gene expression in advanced tumors 
supports the notion that CG gene expression in tumors is due to an activation process 
associated with malignant development, rather than the expansion of precursor cancer stem 
cells, in which these genes were constitutively unmethylated and active.  

It was previously reported that the frequency of BORIS activation in tumors is 
generally higher than that of other CG genes 349. While this appears to be true in certain types 
of tumors, such as uterine cancers 352, our study indicates that the frequency of activation of 
BORIS in melanoma is significantly lower than that of MAGE-A1. Another recent study also 
reported limited activation of BORIS in prostate and bladder carcinoma 350. Contradictory 
results about the frequency of BORIS activation in tumors may be due to leaky transcription 
of the gene in several tissues, which may lead to the occurrence of false positives when 
analyzing tumor samples with a sensitive but not quantitative RT-PCR assay. 

While numerous studies confirmed that DNA demethylation is an essential step 
towards CG gene activation in tumors, the mechanisms underlying this demethylation process 
remain unknown. The recent proposal that BORIS could be involved in this epigenetic 
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process, relies on the observation that CG genes became demethylated and activated in 
normal human fibroblasts that were forced to express BORIS 349, 353. This effect was attributed 
to the ability of BORIS to bind nearby the promoter of CG genes, and to antagonize the 
transcriptional silencing imposed by CTCF, when bound to the same DNA sites. 
Demethylation and activation of CG genes in tumors was therefore proposed to result from 
the aberrant activation of BORIS, and the consequent CTCF to BORIS switch in occupancy 
of regulatory regions. As such, induction of BORIS expression in tumors appeared as a novel 
interesting strategy to increase antitumor immunity via activation of numerous antigen-
encoding CG genes 442, 443. 

Several results in our study indicate that BORIS is not the primary regulator of CG 
gene expression. Firstly, our detailed expression analysis in a large panel of melanoma tissues 
revealed that a substantial proportion of tumors express MAGE-A1 and other CG genes in the 
absence of BORIS activation. Therefore, BORIS does not appear to be necessary to maintain 
expression of CG genes in melanoma. Secondly, forced expression of BORIS in two 
melanoma cell lines by either transient or stable transfection of a BORIS-encoding vector, did 
not result in the activation of MAGE-A1 or other CG genes. Both cell lines evidently 
possessed all required factors to support expression of CG genes upon demethylation, since 
these genes were efficiently induced by 5-azadC treatment. Therefore, the lack of CG gene 
induction by BORIS appears to be due to its inability to direct DNA demethylation within CG 
gene promoters. We conclude that BORIS is not sufficient to induce CG gene expression in 
melanoma cells and that other, yet unidentified, factors are involved in this process. These 
conclusions do not apply only to melanoma cells, since forced expression of BORIS failed to 
induce MAGE-A1 and other CG genes (data not shown) in other cell types as well. Our data, 
which show lack of induction of CG genes in BORIS-expressing human fibroblasts, differ 
from those previously reported 349. The reason for this discrepancy is unclear. Altogether, our 
results indicate that over-expression of BORIS may not serve as a general means to induce 
CG genes in tumors.  

Besides its putative role in the activation of CG genes in tumors, BORIS was also 
proposed to induce expression of CG genes in normal male germ cells. However, the timing 
of expression of BORIS and of the other CG genes during germ cell development does not fit 
with this suggestion. Thus, whereas BORIS was detected exclusively in the nucleus of 
spermatocytes in adult human testis 346, 350, most CG genes, including MAGE-A1 and LAGE-
2NY-ESO-1, are already expressed in fetal gonocytes and become silenced at the spermatogonia 
to spermatocyte transition stage 291, 293, 444. Therefore, the appearance of BORIS in human 
testicular germ cells coincides with repression rather than activation of CG genes. This 
implies that factors other than BORIS are involved in the activation of CG genes during early 
male germ cell development. These factors, as well as those underlying CG gene derepression 
in tumors, still need to be identified. 
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Abstract 
We report that melanoma cell lines expressing the interleukin-1 receptor exhibit 4- to 10-fold 
lower levels of mRNA of microphthalmia-associated transcription factor (MITF-M) when 
treated with interleukin-1". This effect is NF-#B and JNK-dependent. MITF-M regulates the 
expression of melanocyte differentiation genes such as MLANA, tyrosinase and gp100, which 
encode antigens recognized on melanoma cells by autologous cytolytic T lymphocytes (CTL). 
Accordingly, treating some melanoma cells with IL-1" reduced by 40-100% their ability to 
activate such antimelanoma CTL. Finally, we observed large amounts of biologically active 
IL-1! or IL-1" secreted by two melanoma cell lines that did not express MITF-M, suggesting 
an autocrine MITF-M downregulation. We estimate that about 13% of melanoma cell lines 
are MITF-M-negative and secrete IL-1 cytokines. These results indicate that the repression of 
melanocyte-differentiation genes by IL-1 produced by stromal cells or by tumor cells 
themselves may represent an additional mechanism of melanoma immune escape. 
 



Results – Part II 
 

 108 

Introduction 
Melanoma is a prime target of immunotherapy notably because spontaneous antitumoral T 
cell responses are frequent in melanoma patients 5, 445. Surprisingly, it was found that many of 
these T lymphocytes recognized differentiation antigens shared by normal melanocytes and 
melanoma cells 417. These antigens are encoded by melanocyte-specific genes such as TYR 
(tyrosinase), MLANA (Melan-A/Mart-1), SILV (pMel17/gp100), TYRP1 (tyrosinase-related 
protein), or TYRP2. CD8+ and CD4+ T cells recognizing differentiation antigens were found 
in the blood and among tumor-infiltrating lymphocytes of melanoma patients 5. The presence 
of these T cells is usually not associated with autoimmunity, even though approximately 3% 
of melanoma patients develop vitiligo-like skin hypopigmentation 425. The lymphocytes 
infiltrating these lesions were reported to be mostly CD8+ T cells directed against 
differentiation antigens 446. 

The antitumoral immune responses, either spontaneous or stimulated by 
immunotherapy, do usually not lead to complete eradication of melanoma, even when the 
recruitment of T cells to the tumor site is successful. This may be explained by multiple 
mechanisms of inhibition of T cell function or of tumor antigen expression. Antitumoral T 
cells can be inhibited by immunosuppressive cells such as regulatory T cells, 
immunosuppressive dendritic cells or myeloid-derived suppressor cells 447, 448. Expression of 
the tryptophan-catabolizing enzyme indoleamine 2,3-dioxygenase (IDO) in metastatic 
melanoma tumor sites deprives surrounding T lymphocytes of tryptophan thereby suppressing 
their function 449. Melanoma cells themselves can alter the efficacy of antitumor responses. 
Engagement of the inhibitory programmed death receptor-1 (PD-1) on T cells by its ligand 
PD-L1 on tumor cells inhibits the proliferation of T cells and their production of IFN-$ and 
IL-10 450, 451.  

Melanoma cells can express both PD-L1 and IDO in response to IFN-$, a cytokine 
produced by activated T cells and natural killer cells. Another cytokine produced by activated 
T lymphocytes is TNF-! 452. TNF-! was reported to be present in primary and metastatic 
melanoma samples 453, where macrophages are considered to be its main source. The number 
of melanoma macrophages was shown to increase with tumor stage and angiogenesis 368. IFN-
$ and TNF-! modulate the expression of many genes that contribute to the tumor-immune 
system interaction 454, 455. Interestingly, many genes that are induced by IFN-$ are also induced 
by TNF-!, and in most cases induction is synergistic and attributed to the activation of 
transcription factors IRF-1 and NF-#B (reviewed in Ref. 454).  

There is therefore growing evidence that the production of cytokines in the tumor 
environment may help melanoma cells to resist elimination by T lymphocytes. To find 
additional mechanisms of tumor escape, we used the Affymetrix microarray technology and 
explored the transcriptional profiles of melanoma cell lines treated with IFN-!, IFN-$ and 
TNF-!.  
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Materials and methods 
Tissue samples, cell lines, media and reagents 
Tissue samples were collected at resection. They were frozen immediately in liquid nitrogen 
and stored at –80°C until RNA isolation. Melanoma cell lines were from our laboratory, 
except for SK-MEL-23 obtained from Dr E. Stockert (Memorial Sloan-Kettering Cancer 
Center, New York). They were grown in Iscove’s modified Dulbecco’s medium (IMDM) 
(Invitrogen Life technologies; Carlsbad, CA) supplemented with 10% fetal bovine serum 
(HyClone, Perbio, Erembodegem-Aalst, Belgium); 0.55 mM L-arginine, 0.24 mM L-
asparagine, 1.5 mM L-glutamine (AAG); 100 U/ml penicillin and 100 µg/ml streptomycin at 
37°C in a humidified atmosphere of 8% CO2. T cells were cultured in IMDM supplemented 
with 10% human serum, AAG, antibiotics, human recombinant IL-2 50 U/ml (Chiron 
Healthcare SAS, Suresnes, France) and IL-7 10 ng/ml (R&D Systems, Minneapolis, MN). 
Melanoma cells were treated with TNF-! 10 ng/ml (R&D Systems), IFN!-2a 1,000 U/ml 
(Roferon-A, Roche, Nutley, NJ), IFN-$ 100 U/ml (PeproTech, Rocky Hill, NJ), IL-1" 10 
ng/ml (PeproTech) or IL-1! 10 ng/ml (PeproTech). Anakinra (Kineret, rh-met-IL-1Ra, 
Amgen, Thousand Oaks, CA) is a recombinant, nonglycosylated form of human IL-1Ra. JNK 
inhibitor SP600125 and MEK inhibitor PD98059 were purchased from Sigma-Aldrich (St. 
Louis, MO). MEK inhibitor U0126 was purchased from BIOMOL International (Plymouth 
Meeting, PA). 

 
Retroviral transduction 
Recombinant retroviruses were produced in 293T cells, as described 456. Target LB2259-MEL 
cells were plated in 75 cm2 flasks; 24 and 48 h later, culture medium was removed, and viral 
supernatant was added, followed 3 h later by the addition of fresh cell-growing medium. 
Seventy-two hours after transduction with recombinant retroviruses harboring a Flag-I#B!M 
(S32A/S36A)-IRES-puromycin expression cassette, a stably infected puromycin-resistant 
population was obtained after selection in 0.8 µg/ml puromycin (Sigma-Aldrich). A 
puromycin-resistant population harboring the empty retroviral vector was also generated to 
serve as a negative control. Retroviral expression vectors were kindly provided by Dr. K. 
Marcu (Bologna, Italy and State University of New York, Stony Brook, New York) 457. 

 
Quantitative RT-PCR 
RNA samples were prepared from cell lines and surgical specimens using the guanidinium 
isothiocyanate / cesium chloride procedure or the InnuPREP RNA Mini Kit  (Analytik Jena 
AG bio solutions, Jena, Germany). Total RNA was treated with TURBO DNAse (Turbo 
DNA-freeTM Kit, Ambion, Austin, TX). The first-strand cDNA was produced from 2 µg of 
total RNA with the Superscript II reverse transcriptase and an oligo-dT primer, according to 
the manufacturer’s protocol. The cDNA was then treated with 2 U of RNase H (Fermentas, 
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St. Leon-Rot, Germany), and 1/40 of the reaction volume was used for PCR. Quantitative RT-
PCR amplifications were performed with the PCR core kit (Eurogentec, Seraing, Belgium). 
PCR amplifications were performed in a final volume of 25 µL with 0.625 U of HotGoldStar 
DNA polymerase (Eurogentec), 200 nM of each primer, 100 nM of probe, 200 µM of each 
dNTP, and 5 mM of MgCl2 in an ABI Prism 7700 Sequence Detector (Applied Biosystems, 
Halle, Belgium) with the following conditions: 94°C for 10 min, 45 cycles of 94°C for 15 s, 
and 62°C for 1 min or for 1 min 30 (ACTB). The PCR primers and specific 5’-FAM/3’-
TAMRA labeled probes (Eurogentec) are described in Supporting Information Table 1. 
Samples for quantitative PCR were assayed at least in duplicate. Expression levels were 
normalized to 2,000 ß-actin mRNA copies (we estimated previously that 2,000 is the mean 
amount of ß-actin transcripts per cell). The statistical analyses were performed using the 
Student's t-test. P-values of less than 0.05 (double sided) were considered as statistically 
significant. 
 
Western blot 
Cells were homogenized in lysis buffer containing 0.1% sodium dodecyl sulfate, 1% sodium 
deoxycholate, 0.5% NP-40 and 1/50 per milliliter of a protease inhibitor cocktail complete 
mini, EDTA-free tablet (Roche Diagnostics, Mannheim, Germany) in PBS. Protein samples 
were separated on a NuPAGE® 4-12% Bis-Tris gel (Invitrogen Life technologies) in MOPS 
Running Buffer, with NuPAGE® antioxidant added to the inner chamber, according to the 
manufacturer's instructions (XCell Sure Lock™). Proteins were transferred from the gel to a 
Hybond-ECL nitrocellulose membrane (GE healthcare, Chalfont St Giles, UK) using the 
XCell II™ Blot Module. Membranes were incubated in a blocking solution containing 2.5% 
dry milk and 0.1% Tween-20 in PBS for 1 hour and then incubated with the following 
primary antibodies: anti-I#B! (C-21) rabbit polyclonal antibody sc-371 (1:500 dilution; Santa 
Cruz Biotechnology, Santa Cruz, CA), anti-"-actin monoclonal antibody, clone AC-15 A5441 
(1:10,000 dilution; Sigma-Aldrich), anti-Melan-A mouse monoclonal antibody, clone A103 
(1:1,000 dilution; Novocastra lab., Newcastle upon Tyne, UK), anti-tyrosinase mouse 
monoclonal antibody (T311) sc-20035 (1:1,000 dilution; Santa Cruz Biotechnology) or 
monoclonal anti-Flag M2 antibody F 1804 (1:1,000 dilution; Sigma-Aldrich). !Pep13h 
antibody against the C-terminus of human gp100 was kindly provided by Dr. M. Marks 
(University of Pennsylvania, Philadelphia, PA). Membranes were then washed with PBS, 
0.1% Tween-20 and incubated with the following secondary antibodies: either goat anti-
mouse IgG-HRP sc-2005 (1:1,000 dilution; Santa Cruz Biotechnology) or anti-rabbit IgG-
HRP #7074 (1:1,000 dilution; Cell Signaling, Danvers, MA). If needed, membranes were 
stripped with the Restore Western blot Stripping buffer (Thermo Fisher Scientific, Waltham, 
MA) before reprobing. Immunoreactivity was revealed using the SuperSignal West Femto or 
West Pico chemiluminescent substrates (Thermo Fisher Scientific) followed by exposure to 
Hyperfilm ECL (GE healthcare).  
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CTL clones: stimulation conditions and recognition assay based on IFN-!  production 
CTLs (3 x105) were cultured in 24-well plates with 1 x106 irradiated allogeneic EBV-B feeder 
cells (LG2-EBV) and stimulated with EBV-B cells (3x105) previously incubated for 1 hr at 
37°C with 1 µg/ml of peptide and washed. All peptides were >90% pure, as indicated by 
analytical high-pressure liquid chromatography.  

Tumor cells were tested for their ability to stimulate the production of IFN-g by CTL 
clones. 10,000 cells of CTL clones Melan-A26-35/HLA-A2 or gp100209-217/HLA-A2, or 30,000 
cells of CTL clone tyrosinase369-377/HLA-A2 were added in the microwells containing 20,000 
tumor cells, in a total volume of 200 µl of complete IMDM. After overnight culture, IFN-$ 
released in the supernatant was measured by ELISA using reagents from Medgenix 
Diagnostics-Biosource (Fleurus, Belgium). 
 
Cytokine production assay 
Melanoma cells (1 x 106) were seeded into 75 cm2 flasks and supernatants collected after 72 h 
were analyzed for IL-1! and IL-1" production using Bio-Plex Human Cytokine assays (Bio-
Rad). 
Gene expression microarrays 
We examined the gene expression profile of 5 melanoma cell lines (DDHK62-MEL, LB2259-
MEL, LB2586-MEL, LB2117-MEL, EB81-MEL) treated with IFN-! 1,000 U/ml, IFN-$ 100 
U/ml or TNF-! 10 ng/ml for 72 hours. Cells were collected at rest or after stimulation with 
cytokines. RNA was extracted using the guanidinium isothiocyanate / cesium chloride 
procedure. Microarray assays were conducted according to the Affymetrix Genechip 
Expression Analysis Technical manual. Briefly, biotin-labeled antisense cRNA was prepared 
from 5 µg of total RNA using the one-cycle target labeling procedure, and hybridized to HG-
U133A2.0 gene chips (Affymetrix, Santa Clara, CA), which were then washed and stained 
with the Fluidics Station 450 (Affymetrix), and scanned on the Gene Chip Scanner 3000 
(Affymetrix). Data acquisition and processing were conducted with Affymetrix Genechips 
Operating Software, Excel and Access softwares. We compared the profiles of the 5 cell lines 
observed before and after cytokine treatment, focusing on genes that are relevant to 
antitumoral immune responses (Supporting Information Fig. 1). The Affymetrix data were 
deposited in GEO under accession number GSE19428. 
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Results 
Exploring the effect of cytokines on melanoma cells, we compared the gene expression 
profiles of 5 human melanoma lines treated over 72 hours with IFN-!, IFN-$ or TNF-!. Both 
IFN-$ and TNF-! downregulated genes MLANA, which encodes melanoma differentiation 
antigens recognized by CTL 88, and MATP/AIM1, which codes for a membrane-associated 
transporter protein, another melanoma antigen recognized by autologous T cells 458. These 
results are in line with published data showing reduced expression of MLANA, TRP-1, 
tyrosinase and gp100 in melanoma cells incubated with IFN-$ or TNF-! 459, 460 and the 
absence of effect with IFN-! 461. We sought to extend our study to another inflammatory 
cytokine, namely IL-1. There are three founding members of the IL-1 gene family, two of 
which are agonists, IL-1! and IL-1", and the third is IL-1 receptor antagonist (IL-1Ra) 
(reviewed in Ref. 462). IL-1! and IL-1" bind the same membrane-bound type 1 IL-1 receptor 
(IL-1R1), which then associates with the IL-1-receptor accessory protein (IL-1RAcP) to form 
a complex that allows intracellular signaling. There is also a type-2 IL-1 receptor (IL-1R2) 
that lacks an intracellular signaling domain and, therefore, functions as a decoy receptor. 
Along with stimulating differentiation and function of immune surveillance cells, IL-1 
contributes to increased tumor invasiveness, metastasis and angiogenesis in chronic 
inflammatory conditions (reviewed in Ref. 463). 
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Downregulation of MITF-M by interleukin-1"  
The expression of genes MLANA and MATP/AIM1 is positively regulated by the melanocyte-
specific isoform of microphthalmia-associated transcription factor (MITF-M) 86, 90. We, 
therefore, quantified MITF-M expression in two melanoma cell lines, LB2259-MEL and 
CP50-MEL, treated with IL-1" (Fig. 1). An important and sustained reduction of MITF-M 
expression was observed, with a maximal effect after 4 hours of treatment. This kinetics was 
similar to that observed for the downregulation of MITF-M by TNF-! (Fig. 1), while the 
effect of IFN-$ took longer and was maximal only after 3 days (Fig. 1). IFN-! had no effect 
on MITF-M expression in these cells.  
 

 
Figure 1. Time course of MITF-M expression in melanoma cell lines treated with cytokines. 
Melanoma cell lines LB2259-MEL or CP50-MEL were incubated for the indicated times with IL-
1" (10 ng/ml), TNF-! (10 ng/ml), IFN-$ (100 U/ml), or IFN-! (1000 U/ml). Transcript levels of 
MITF-M and ACTB (used as an internal control) were evaluated by quantitative RT-PCR. Data 
(means ± SE) for IL-1", IFN-! and TNF-! were obtained from three independent experiments, 
whereas data for IFN-$ were obtained from one experiment, with triplicate incubations. 
 



Results – Part II 
 

 114 

 
Figure 2. IL-1" downregulates the expression of MITF-M in some melanoma cell lines. MITF-M 
repression after 4 h of IL-1" treatment is observed in melanoma cell lines expressing high levels 
of IL-1 receptor transcripts. Transcript levels of IL1R1, MITF-M, IL8 and ACTB (used as an 
internal control) were evaluated by quantitative RT-PCR in triplicate. Each value represents mean 
± SE.  

 
 
To extend our observations, we treated a panel of melanoma cell lines with IL-1". We 

observed a wide range of MITF-M inhibition, with about one third of the lines being not 
responsive to IL-1". As shown in Fig. 2, the extent of MITF-M inhibition appeared to be 
correlated to the expression of gene IL1R1 encoding the IL-1 receptor. We also observed a 
correlation between MITF-M inhibition and the expression of the IL8 gene, known to be 
induced after activation of the IL-1 receptor and encoding chemokine CXCL8 produced by 
some melanoma cell lines (Fig. 2) 464, 465.  

Signaling through IL-1R1 involves the NF-#B and JNK pathways. We inhibited NF-
#B activation in melanoma cells by expressing the super-repressor of I#B!, I#B!M. This 
mutant I#B! exerts a permanent inhibition of NF-#B because it cannot be phosphorylated and 
is, therefore, not degraded by proteasomes. LB2259-MEL cells transduced with retroviruses 
coding for I#B!M were treated with IL-1" for 4h. The levels of MITF-M transcripts were 
only 1.6-fold lower, as compared to 4.6-fold lower in control cells (Fig. 3a). This result 
confirmed the NF-#B involvement in MITF-M regulation by IL-1".  
 We investigated the JNK pathway by treating LB2259-MEL cells with the ATP-
competitive inhibitor of JNK, SP600125. We observed that the levels of MITF-M transcripts 
were 2.2-fold lower, while they were 6.7-fold lower in the absence of inhibitor, confirming 
the implication of the JNK pathway (Fig. 3b). 
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 Finally, we explored whether the NF-kB and the JNK pathways had additive effects. 
When I#B!M-expressing LB2259-MEL cells, which exhibited a 2.1-fold lower expression of 
MITF-M following IL-1" treatment, were treated with the JNK inhibitor, no effect of IL-1ß 
on MITF-M expression could be detected (p-value = 0.35, unpaired t-test; Fig. 3c). We 
concluded that the IL-1ß-mediated MITF-M downregulation in IL1R1-expressing melanoma 
cell lines is NF-#B and JNK-dependent, and that inactivation of both pathways abrogates the 
repressive effect of IL-1". 

 
Figure 3. JNK and NF-#B pathways involved in the downregulation of MITF-M by IL-1".  
(a) Stable expression of I#B!M, a repressor of NF-#B activation, decreases IL-1"-induced 
downregulation of MITF-M. LB2259-MEL cells were transduced with retroviruses encoding 
puromycin resistance and a flagged I#B!M, or puromycin resistance alone. Stable puromycin-
resistant cell populations were obtained and treated with IL-1" (10 ng/ml) for 4 h. MITF-M 
expression was measured by quantitative RT-PCR and normalized to ACTB expression (means ± 
SD of 5 samples from 2 experiments). Western blot analyses were carried out on whole cell 
protein extracts with antibodies against I#B!, the Flag epitope, and "-actin. (b) JNK inhibition 
decreases IL-1"-induced downregulation of MITF-M. LB2259-MEL cells were pretreated with 
JNK inhibitor SP600125 (25 µM) for 1h before the addition of IL-1". MITF-M expression was 
measured 4h later and normalized to ACTB expression (means ± SD of 6 samples from 4 
experiments). (c) Effect of inactivating both the NF-#B and JNK pathways on MITF-M repression 
by IL-1". LB2259-MEL cells expressing I#B!M were treated with SP600125 for 1h before the 
addition of IL-1ß. MITF-M expression was measured 4h later and normalized to ACTB expression 
(means ± SD of 5 samples from 3 experiments). 



Results – Part II 
 

 116 

IL-1ß reduces the recognition of melanoma cells by CTL against melanocyte differentiation 
antigens 
Since IL-1" decreases the expression of MITF-M and MITF-M activates the expression of 
melanocyte differentiation genes such as MLANA, tyrosinase and gp100, we tested the effect 
of IL-1" on the expression of these genes. For two melanoma lines displaying MITF-M 
down-regulation by IL-1", namely LB2259-MEL and CP50-MEL, culture over 4 days in the 
presence of IL-1" lead to a reduction of MLANA, tyrosinase and gp100 transcripts and 
proteins (Fig. 4a). This resulted in a decreased recognition by CTL clones recognizing 
MLANA or tyrosinase antigenic peptides (Fig. 4b). Surprisingly, no effect was observed with 
a CTL clone recognizing a gp100 peptide (Fig. 4b), even though the amount of protein gp100 
was clearly decreased after IL-1" treatment (Fig. 4a). 

For melanoma cells SK-MEL-23, which do not express IL1R1 (Fig. 2), IL-1" had no 
effect on the expression of melanocyte differentiation genes and proteins (Fig. 4a), and no 
effect on the recognition of melanocyte differentiation antigens by CTL (Fig. 4b). We 
conclude that IL-1" can contribute to decreasing the sensitivity of melanoma cells to 
recognition by CTL targeting melanocyte differentiation antigens. 
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Figure 4. IL-1" downregulates expression of melanocyte differentiation genes. (a) Effect of IL-
1" on mRNA and protein levels of melanocyte differentiation genes. The indicated melanoma cell 
lines were treated with IL-1" (10 ng/ml added every day) for 4 days. MLANA, tyrosinase, gp100 
and ACTB (used as internal control) mRNA levels were analyzed by quantitative RT-PCR in 
triplicate. Each value represents mean ± SE. Protein extracts (25 µg) were analyzed by Western 
blotting using the indicated antibodies. (b) HLA-A2-positive melanoma cell lines were treated 
with IL-1" for 4 days (10 ng/ml added every day) and cocultured overnight with 3 HLA-A2-
restricted CTL clones. IFN-$ produced by activated CTL was measured by ELISA. Results are 
means ± SD of triplicate measurements. Diamonds indicate IFN-$ production obtained when 5 
µg/ml of the relevant antigenic peptide was added to the melanoma cells 1h before CTL addition, 
as a control for a maximum CTL activation. 
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Bioactive IL-1#  and IL-1ß are produced by MITF-M-negative melanoma cells 
We explored the possibility that some melanoma tumors might not express MITF-M, and 
therefore resist attack by CTL recognizing melanocyte differentiation antigens, by producing 
IL-1". Indeed, production of IL-1 cytokines by melanoma lines has been previously reported 
466, 467. In our collection of 205 melanoma cell lines, we observed that 19% did not express 
gene MLANA. Expression of MLANA was correlated with that of MITF-M, as 19 out of 19 
MLANA-positive cell lines expressed MITF-M whereas 20 out of 22 MLANA-negative cell 
lines did not express MITF-M (<1 MITF-M mRNA copy per cell). Thus, we considered that 
17% of the cell lines in our collection were MITF-M-negative. Screening the supernatants of 
11 MITF-M-negative lines for the production of IL-1! or IL-1" by Bio-Plex immunoassay, 
we found 9 positive supernatants with total IL-1 levels ranging from 20 to 7,240 pg/ml. These 
supernatants reduced by > 20% MITF-M expression in LB2259-MEL cells. For 8 
supernatants, the effect was blocked by the addition of the IL-1 receptor antagonist IL-1Ra. In 
parallel, we tested 19 supernatants of MITF-M-positive lines and found that total IL-1 was 
either undetectable or present at levels below 12 pg/ml. We conclude that about 13% of 
human melanoma lines are MITF-M-negative and produce bioactive IL-1. 
 In this small screening, melanoma lines EB16-MEL and KUL84-MEL were the highest 
IL-1 producers. In Table 1, these two MITF-M-negative lines are compared to two MITF-M-
positive lines. EB16-MEL cells transcribe the IL1B gene at a high level, and secrete 
immunoreactive IL-1" in the culture medium. It is therefore likely that EB16-MEL cells have 
an activated NLRP3 inflammasome pathway, which is required to activate caspase-1 and 
process the pro-IL-1" gene product into mature and secreted IL-1". For KUL84-MEL cells, 
IL1B transcription is low and no IL-1" could be detected in the culture medium (Table 1). 
However, these cells, as well as EB16-MEL, transcribe gene IL1A and secrete IL-1! (Table 
1). Two genes activated by IL-1 cytokines, IL8 and CCL20, were 10-1,000-fold more 
expressed in EB16-MEL and KUL84-MEL than in the control melanoma lines, suggesting an 
autocrine activity of the produced IL-1 (Table 1). Finally, the supernatants of the two IL-1 
producing lines inhibited MITF-M expression and activated IL8 expression in melanoma cells 
LB2259-MEL (Fig. 5). These effects were blocked in the presence of IL-1Ra (Fig. 5), and 
dose-response curves of recombinant IL-1! or IL-1" indicated specific activities matching 
those observed in the melanoma supernatants (Fig. 5), suggesting that IL-1 were the main 
soluble factors responsible for MITF-M downregulation. 
 To verify that melanoma cells could also produce IL-1 in vivo, we analyzed frozen 
tumor tissues corresponding to the 4 melanoma lines shown in the first part of Table 1. 
Expression levels of MITF-M, IL1A, IL1B, and of the IL-1-induced genes IL8 and CCL20 
correlated with those observed in the melanoma lines (Table 1). Even though other cells than 
the melanoma cells could contribute to IL-1 production in these tumors, the results strongly 
suggest that the melanoma cells were producing IL-1 in vivo.  
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Table 1. Transcription and production of IL-1 by melanoma cell lines and tumors.  
mRNA levels of MITF-M, IL1B, IL1A, IL8, CCL20  and ACTB (used as an internal control) were 
evaluated by quantitative RT-PCR  in melanoma cell lines and corresponding melanoma tissues. 
For each cell line or tissue, results were obtained from 3 independent RNA preparations, except 
for tissues LB2259 and LB2439 where a single cDNA was analyzed in 3 independent PCR 
measurements. Each value represents mean ± SD. The levels of secreted IL-1! and IL-1" were 
measured in three independently collected supernatants with the bead-based Bio-Plex 
immunoassay. Each value represents mean ± SD. 
 

Figure 5. Bioactive IL-1 secreted by melanoma cell lines. LB2259-MEL cells were incubated 4 h 
with culture supernatants (SN) of the indicated melanoma cell lines, in the presence or absence of 
10 µg/ml of IL-1Ra, or with increasing concentrations of recombinant human IL-1! or IL-1". The 
expression levels of MITF-M and IL8, as a control of the biological activity of the IL-1 cytokines, 
was assessed by quantitative RT-PCR and normalized to ACTB expression. Each value represents 
mean ± SE from one representative experiment with triplicate incubations with supernatants and 
duplicate incubations with recombinant IL-1. 
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Figure 6. IL-1" upregulates its own expression and expression of IL1A in CP50-MEL cells. Time 
course of IL1B and IL1A upregulation by IL-1". CP50-MEL melanoma cells were treated with 
IL-1" (10 ng/ml) for the indicated time periods. Quantification of IL1B and IL1A transcripts 
normalized to those of ACTB shows means ± SE of three and two independent experiments, 
respectively. 

 
 
Considering that IL-1! and IL-1" can activate their own transcription through 

functional NF-#B sites present in the promoters of both genes 468, 469, we explored the 
possibility of a permanent IL-1 autocrine loop in melanoma cells. Melanoma cells CP50-MEL 
express gene MITF-M and do not express genes IL1A and IL1B. In the presence of IL-1", 
genes IL1A and IL1B were induced (Fig. 6). When the cells were deprived of IL-1" after one 
week of exposure, the transcriptional activation of IL1B lasted 3 days but then declined to 
background level (data not shown). Therefore, other factors than the IL-1R1 transduction 
pathway are necessary for the permanent IL1B gene activation that is present in some 
melanoma cells.  

Nevertheless, in KUL84-MEL cell line with established IL-1 cytokine production, 
treatment with the IL-1Ra receptor antagonist for one week lead to 2-20 fold lower levels of 
IL1A, IL1B and IL8 transcripts, but to a weak increase in MITF-M expression (Supporting 
Information Fig 2). 
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Discussion 
It is known that murine and human melanoma cells incubated with cytokines such as TNF-!, 
IFN-$ and TGF-", have reduced mRNA levels of TYR, MLANA, TRP1, and SILV 459, 460, 470, 471. 
According to our results, this reduction most likely originates from the down-regulation of 
transcription factor MITF-M by these cytokines. We provide the first evidence that IL-1! and 
IL-1" are additional cytokines that reduce the expression of MITF-M. It is noteworthy that 
IFN-!, which is currently used to treat melanoma patients, did not affect MITF-M expression. 
This supports further development of this cytokine as an immunological adjuvant combined 
with melanoma vaccines. 

The activation of NF-#B that is observed in many cancers including melanoma, 
regulates the expression of genes that prevent apoptosis and promote malignant proliferation, 
metastasis, or angiogenesis 472. NF-#B is usually described as a transcriptional activator. We 
show here that genes encoding melanocyte differentiation antigens are repressed by NF-#B 
and JNK activation. The mechanism of this repression remains to be elucidated. The signal 
induced by IL-1" could act on the MITF-M promoter. We tested this promoter in front of a 
reporter luciferase gene but failed to detect any repression after IL-1" treatment (data not 
shown). Alternatively, the signal could increase the MITF-M transcript degradation rate. One 
possibility is that IL-1" and TNF-! induce miRNAs that target the MITF-M mRNAs. In line 
with this hypothesis, a recent study describes the NF-#B-dependent induction of miRNA-146 
targeting the 3’UTRs of the mRNAs encoding TNF receptor-associated factor 6 (TRAF6) and 
IL-1 receptor-associated kinase 1 (IRAK1), two proteins involved in IL-1R1 signaling 473. 
Another miRNA, miRNA-137, was reported to reduce MITF-M expression in melanoma cell 
lines 41. We could not document an induction of miRNA-137 by IL-1" (data not shown).  

We report here that the level of expression of the IL-1 receptor (IL1R1) is an important 
parameter to determine the ability of melanoma cells to respond to IL-1. However, when we 
expressed IL1R1 in SK-MEL-23 cells, we observed the induction of IL8 after IL-1" 
treatment, but not the repression of MITF-M (data not shown). This observation suggests that 
there are distinct mechanisms downstream of the NF-#B and JNK pathways that lead either to 
IL8 activation or to MITF-M down-regulation. 

The critical role of an activated MAPK pathway in melanoma growth and progression 
has prompted attempts to develop inhibitors of this pathway 474. In vitro, these inhibitors 
consistently enhance MLANA or SILV transcript levels, as reported for 70% of the melanoma 
cell lines treated with the ERK inhibitors PD98059 and U0126 271. We found that in the 
LB2259-MEL human melanoma cells the repressive effect of IL-1" on MITF-M expression 
was dependent on both NF-#B and JNK activation. MITF-M down-regulation induced by IL-
1" was not mediated by ERK activation since we found that inhibitors PD98059 and U0126 
did not counteract this effect (data not shown). In agreement with our findings, a study on 
murine melanoma cells B16 showed that the inhibition of TYR expression by TNF-! was 
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mainly mediated by NF-#B activation 459. Given the overlap in signaling pathways employed 
by TNF-! and IL-1 cytokines (reviewed in Ref. 475), we suggest that NF-#B and JNK are 
important mediators in the observed down-regulation of differentiation genes in melanoma 
cells incubated with these inflammatory cytokines. Detailed signaling mechanisms should 
therefore be explored further.  

The decreased expression of melanocyte differentiation genes after IL-1" treatment 
should decrease the recognition of melanoma cells by T lymphocytes specific for 
differentiation antigens. This is what we found with two antimelanoma CTL clones, including 
a CTL recognizing the immunodominant peptide Melan-A/MART126-35, presented by HLA-
A2. In a previous study, IFN-$ was shown to reduce by up to 78% the cytotoxicity of anti-
Melan-A/MART-126-35 CTL, despite the stimulatory effect of IFN-$ on MHC class I 
expression and antigen presentation 460. This reduction is most likely due to the induction of 
the immunoproteasome, which does not process the Melan-A/MART-126-35 peptide 476. Data of 
a recent study suggest that IL-1" is not able to induce the immunoproteasome 477. Therefore, 
we conclude that the main effect of IL-1" on CTL activation was to reduce tyrosinase, Melan-
A/MART-1 and gp100 protein levels. Surprisingly, the activation of CTL directed against the 
gp100209-217 antigen on LB2259-MEL cells was not affected by IL-1", although there was a 
clear decrease in the amount of gp100 protein. One explanation would be that saturating 
levels of the gp100 antigenic peptide may be available to CTL, even after IL-1" treatment. 
Alternatively, IL-1" may promote post-proteasomal processing and intracellular peptide 
transport that may be required for recognition of the gp100 antigen, as there is some evidence 
that peptide gp100209-217 is not directly produced by the proteasome 478. 

Cytokines are produced by immune, stromal and inflammatory cells, but also by tumor 
cells. We found that IL-1! and IL-1" are clearly secreted in large amounts by some 
melanoma cells that do not express MITF-M. This is in line with data indicating that soluble 
proteins secreted by antigen-negative melanoma cells, such as cytokine oncostatin M, are 
capable of down-regulating the expression of melanocyte differentiation genes 479, 480. It is also 
in line with the observation that IL-1 is up-regulated in melanoma samples and that patients 
with IL-1 producing tumors have generally bad prognoses 481. At first sight, interference with 
the IL-1 signaling in melanoma might, therefore, appear as a meaningful strategy to overcome 
the immunotherapeutic problem of low antigen expression. In an attempt to increase the 
expression of melanocyte differentiation antigens, we incubated melanoma cells that express 
very low amounts of MITF-M and produce IL-1 with the IL-1Ra receptor antagonist. We 
observed that this treatment was not sufficient to reactivate significantly MITF-M expression. 
We have, therefore, preliminary evidence that the silencing of differentiation genes in IL-1-
producing melanoma cells is difficult to reverse. The difficulties in restoring the expression of 
differentiation genes once it is lost have been previously reported and the establishment of a 
nuclear context leading to their transcriptional repression has been proposed 482, 483 .  
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In our experience, an activated IL-1 pathway is an event that is detected in only about 
13% of melanoma cell lines. By screening public microarray databases, we observed a similar 
frequency of 13% among large series of melanoma cell lines, and an even lower frequency of 
4% among melanoma metastases (data not shown). Nevertheless, these data do not exclude 
the possibility of local and hardly detectable IL-1 production either by melanoma cells 
themselves or by stromal macrophages and fibroblasts 368, 484, resulting in downregulation of 
differentiation antigens in neighboring tumor cells. Therefore, additional attempts should be 
performed in order to determine spatial and temporal changes in expression of IL-1 cytokines 
and differentiation antigens preferably at the cellular level and at different stages of 
melanoma progression. This could lead to a better understanding of the relevance of IL-1 
production within melanoma tissues. 
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Supplementary Figure 2 is represented in Results – Part III (Figure 2). 
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PART III. 

 
Deciphering mechanisms of MITF-M repression  

in two melanoma cell lines secreting interleukins 1!  and 1ß. 
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Our previous study and studies of other groups have demonstrated an autonomous production 
of IL-1! and IL-1" cytokines by some melanoma cell lines (Results - Part II). Moreover, we 
have estimated that about 13% of melanoma cell lines established at the Brussels Branch of 
the Ludwig Institute for Cancer Research exhibit simultaneous release of IL-1 cytokines and 
repression of MITF-M expression (Results - Part II). Furthermore, MITF-M-negative cell 
lines do not express MITF-M transcriptional target genes MLANA, TYR and gp100 or express 
them at a low levels (0-1.4; 0-13.2; 0-2.5 mRNA copies per cell, respectively), as assessed by 
quantitative RT-PCR analysis performed on 10 melanoma cell lines secreting IL-1 cytokines 
and on two cell lines that do not produce them (data not shown). Furthermore, MITF-M-
positive melanoma cell lines expressing IL-1R1 showed reduced mRNA and protein 
expression levels of Melan-A, tyrosinase and gp100 concomitantly with MITF-M 
downregulation following treatment with recombinant IL-1" (Results - Part III, Fig. 1 and 
Results - Part II, Fig. 1 and 4). All together, these findings support a hypothesis that 
autonomous production of IL-1 cytokines might be responsible for initiation and/or 
maintenance of permanent MITF-M repression and downregulation of differentiation genes in 
a subset of melanoma cell lines. We decided, therefore, to explore the mechanisms of MITF-
M repression in two melanoma cell lines producing high levels of IL-1. 

 
Inhibition of IL1-R1 signaling by antagonist IL-1Ra weakly reactivates MITF-M 
expression 
IL-1! and IL-1" stimulate their own and each other’s transcription, and hence might, by 
triggering the IL-1R1 receptor, initiate and maintain a positive feed-forward loop of their own 
production. Such constitutive production of IL-1! and IL-1" by melanoma cell lines might 
lead to a permanent repression of MITF-M. MITF-M-negative KUL84-MEL and EB16-MEL 
cell lines produce IL-1 and express IL1R1 at levels (3 and 2 mRNA copies per cell, 
respectively) associated with efficient IL-1 signaling (Results - Part II, Fig. 2). To assess the 
functional role of IL-1R1 activation in MITF-M repression, these cell lines were cultured for 
one week in the presence of the IL-1 receptor antagonist (IL-1Ra). IL-1Ra was used at a 
concentration of 10 µg/ml, which efficiently blocks IL-1R1-mediated activation of IL8, a 
transcriptional target of IL-1 (Results - Part II, Fig. 5). In KUL84-MEL cells, this treatment 
resulted in a weak reactivation of MITF-M expression (Results - Part III, Fig. 2a), whereas 2- 
to 20-fold lower levels of IL1A, IL1B and IL8 transcripts were observed (Results - Part III, 
Fig. 2b, c, d). In EB16-MEL cells, the same treatment led to 2-3 fold lower levels of IL1A, 
IL1B and IL8 transcripts, while MITF-M was not reactivated (data not shown). In conclusion, 
blocking of IL-1R1 signaling did not lead to considerable reactivation of MITF-M expression, 
whereas it resulted in reduced constitutive expression of IL1A, IL1B and IL8. 
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Inhibition of constitutive NF-!B activity by I!B"M does not restore MITF-M expression 
Blocking of the NF-#B activity in MITF-M-positive melanoma cell lines led to a significantly 
lower extent of the IL-1"-induced MITF-M downregulation (Results - Part II, Fig. 3a). 
Hence, we sought to investigate whether permanent MITF-M repression could be relieved in 
IL-1-producing melanoma cell lines if we inhibit the NF-#B signaling. Two IL-1-producing 
melanoma cell lines, KUL84-MEL and EB16-MEL, showed constitutive NF-#B activity in 
gene reporter assays with luciferase-encoding vector containing two NF-#B-binding motifs 
(Results - Part III, Fig. 3a, b, c). This activity was largely inhibited by the stable expression of 
the super-repressor of I#B!, I#B!M (Results - Part III, Fig. 3b, c). Compared with MITF-M-
positive LB2259-MEL cells, which do not constitutively release IL-1 cytokines, KUL84-
MEL and EB16-MEL cells exhibited a 3.7-fold and 6.8-fold higher NF-#B activity, 
respectively (Results - Part III, Fig. 3b, c, d).  

Expression of the super-repressor I#B!M in KUL84-MEL cells led to reactivation of 
MITF-M expression to levels of 0.05±0.01 (n=6) transcript per cell (Results - Part III, Fig. 4b, 
lane 3), but did not result in reactivation of MITF-M in EB16-MEL cells (data not shown). As 
to expression levels of IL1A, IL1B and IL8 transcripts, they were, respectively, 4-, 16- and 34-
fold lower in I#B!M-expressing KUL84-MEL cells than in control cells (Fig. 4b, compare 
lanes 1 and 3), whereas 4-fold lower levels of secreted IL-1 cytokines were detected after 3 
days of culture (Fig. 4c, compare lanes 1 and 3). In EB16-MEL cells, the levels of IL-1! and 
IL-1" measured in the supernatants after one day of culture were respectively 6- and 14-fold 
lower in I#B!M-expressing cells than in control cells (data not shown). These observations 
demonstrate that inhibition of constitutive NF-#B activity in MITF-M-negative melanoma 
cell lines secreting IL-1 is not sufficient to relieve permanent MITF-M repression.  

 
JNK inhibition results in a higher level of MITF-M reactivation in KUL84-MEL cells 
We demonstrated the IL-1-mediated activation of the JNK pathway in LB2259-MEL cells 
and the engagement of this pathway in IL-1"-induced MITF-M downregulation (Results - 
Part II, Fig. 3b and Results - Part III, Fig. 5a). Consistent with the failure of a MEK inhibitor 
PD98059 to counteract the repression of MITF-M by IL-1" (data not shown), we did not 
observe a significant IL-1"-induced activation of the ERK pathway in LB2259-MEL cells as 
assessed by Western blot using an antibody specific for phosphorylated residues of ERK1/2 
(Results - Part III, Fig. 5b). Accordingly to observed constitutive ERK1/2 activation (Fig. 5b), 
LB2259-MEL cells appeared to harbor the heterozygous T1799A mutation at the codon 600 
of BRAF (BRAFV600E) (Results - Part III, Fig. 5c). The same mutation was observed in 
KUL84-MEL and EB16-MEL, and the wild-type BRAF allele at the codon 600 was not 
detected, indicating that loss of heterozygosity (LOH) occurs at this locus (Fig. 5c).  
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To investigate the involvement of the JNK pathway in permanent repression of MITF-
M, we treated KUL84-MEL cells with JNK inhibitor SP600125 for 3 days. In addition, 
I#B!M-expressing KUL84-MEL cells were subjected to the same treatment to assess the 
effect of simultaneous JNK and NF-#B inhibition (Results – Part III, Fig. 4). JNK inhibition 
alone or in combination with NF-#B inhibition led to reactivation of MITF-M. Its expression 
levels reached 2.4-3.5 mRNA copies per cell and were not significantly different between the 
two conditions (Fig 4b, compare lanes 2 and 4). In contrast, expression of IL1A, IL1B and IL8 
transcripts was significantly higher in KUL84-MEL cells treated with SP600125 compared to 
I#B!M-expressing cells subjected to the same treatment (Fig 4b, compare lanes 2 and 4). 
Accordingly, inhibition of the JNK pathway alone or together with the NF-#B pathway led to 
decreased levels of IL-1 cytokines released in the supernatants of KUL84-MEL cells (Fig. 
4c). In EB16-MEL cells, MITF-M expression was not reactivated by inhibition of the NF-#B 
and JNK pathways (data not shown). Therefore, neither separate nor simultaneous inhibition 
of the NF-#B and JNK pathways is sufficient to reactivate MITF-M expression in MITF-M-
negative melanoma cell lines up to levels of 30-250 mRNA copies per cell observed in MITF-
M-positive melanoma cell lines (Results - Part II, Fig. 2). Hence other mechanisms might be 
involved in permanent MITF-M repression in IL-1 producing melanoma cells. 

 
Prolonged treatment of MITF-M positive cells with IL-1ß does not lead to activation of 
autonomous IL-1 production and permanent MITF-M inhibition 
To explore the potential primary role of prolonged IL-1 exposure in permanent repression of 
MITF-M, we tried to establish an autonomous IL-1 production in MITF-M-positive 
melanoma cells. We used CP50-MEL cells, which exhibit induction of IL1A and IL1B after 
IL-1" exposure (Results - Part II, Fig. 6). After one week of everyday treatment with IL-1", 
CP50-MEL cells were either left in the presence of IL-1" for another 3 days or washed and 
left untreated for 3 or 6 days (Results - Part III, Fig. 6). When, after the episode of IL-1" 
exposure, CP50-MEL cells were deprived of this cytokine for 3 or 6 days, the expression of 
MITF-M transcripts was not significantly different from that in non-treated cells and 
remained significantly decreased in cells continuously exposed to IL-1" (Fig. 6b). Significant 
induction of IL1B was conserved after a 3-day deprivation of CP50-MEL cells of exogenous 
IL-1" (Fig. 6b, lane 2). It was accompanied by the release of endogenous IL-1" in 
supernatants at levels of 9.3±1.5 pg/ml (n=3) (Fig. 6c, lane 2). Deprivation of IL-1" for 
another 3 days led to decreased IL1B activation and IL-1" secretion (Fig. 6b, c, lane 3). 
Significant induction of IL1A and release of endogenous IL-1! in supernatants of CP50-MEL 
cells were observed after a 10-day exposure to IL-1"  (Fig. 6b, c, lane 4). Thus, CP50-MEL 
cells were not able to maintain IL-1 production and MITF-M downregulation after a one-week 
episode of IL-1" exposure, suggesting the involvement of some additional mechanism(s) in 
the establishment of constitutive IL-1 production and permanent MITF-M repression. 
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The evolution of the tumorigenic process is thought to depend on the balance of 

determinants that either promote or restrain tumor progression. Interactions of tumor cells 
with immune cells contribute to this dynamic process and the dominance of factors favoring 
immune tolerance over immune activation may underlie tumor progression in the presence of 
tumor-reactive T cells. Efficient interaction of a CD8+ CTL with a target tumor cell is a key 
event in the anti-tumor immune response, which leads to the destruction of the tumor cell. 
This response is primarily driven by T-cell receptor recognition of a specific peptide-HLA 
complex, with peptide recognition being the most important factor to confer target specificity. 
The versatile character of tumor-immune system interactions, in which each interaction 
partner shapes its own phenotype and that of the other partner, is illustrated by the action of 
cytokines, which are membrane-bound or secreted proteins produced by the immune cells but 
also by the tumor cells and other cells of the tumor environment. Understanding tumor-
immune system interactions can lead to the development of new therapeutic approaches.  

 
I. Summary of key findings  
 
To explore particular aspects of cell contact-dependent and -independent interactions 

between tumor cells and immune cells in melanoma, we evaluated the expression levels of 
antigen-encoding genes in melanoma samples and assessed the mechanisms governing 
transcriptional regulation of these genes using in vitro models of cultured cell lines.  

In the first study (Results - Part I), we provided a quantitative analysis of mRNA 
expression levels of two cancer-germline genes, MAGE-A1 and BORIS, in a panel of primary 
and metastatic melanoma tissues and in established melanoma cell lines. A potential role of 
BORIS in the activation of MAGE-A1 and other CG genes in melanoma was assessed in vitro 
in transient and stable transfection experiments. It appeared that BORIS expression is neither 
necessary nor sufficient for the activation of other CG genes.  

In the second study (Results - Part II and III), we demonstrated the inhibitory effect of 
recombinant IL-1! and IL-1" cytokines on the levels of MITF mRNA and protein in 
melanoma cell lines bearing IL-1R1. We showed that this effect is NF-#B and JNK-
dependent. Concomitantly with the reduction of MITF protein levels, we observed a 
decreased expression of its transcriptional target genes MLANA, TYR and gp100. The reduced 
ability of IL-1"-treated melanoma cell lines to activate CTL clones, which specifically 
recognize differentiation antigens derived from Melan-A, TYR and gp100 proteins, was 
mechanistically demonstrated in vitro. Finally, we observed concomitant MITF repression 
and secretion of biologically active IL-1! and IL-1" in a subset (about 13%) of melanoma 
cell lines and demonstrated the involvement of NF-#B and JNK pathways in this phenotype. 
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II. Quantitative approach in estimating the efficiency of antigen presentation by 
tumor cells 

The mechanisms underlying an uneventful co-existence of effector CD8+ CTLs and 
target tumor cells in vivo remain among the central subjects of tumor immunology. The lack 
of effectiveness of antigen-specific CD8+ CTLs may be explained by the inadequacy of tumor 
cells as targets. It is possible that functional CD8+ CTLs attracted to a tumor site may, 
however, be incapable to recognize and lyse tumor cells presenting insufficient quantities of 
peptide/HLA complexes on their surface. One reason of inefficient antigen presentation may 
be absent or reduced expression of genes encoding the relevant antigenic peptides. If silencing 
of either CG genes or genes giving rise to differentiation antigens should undoubtedly prevent 
recognition and lysis of melanoma cells by cognate CD8+ CTLs, the relevance of either sparse 
reactivation or downregulated expression of these genes is difficult to anticipate in vivo. In the 
tumor environment, productive engagements between TCRs and peptide/HLA complexes 
might occur when a certain balance between TCR binding affinity and availability of ligand is 
achieved. In borderline conditions of reduced availability of peptide/HLA complexes and/or 
suboptimal TCR affinity, efficient CTL recognition may considerably depend on factors 
extrinsic to TCR-ligand interaction, for instance soluble immunomodulators present in the 
tumor environment 485.  

The availability of a large repertoire of melanoma antigens presented at quantities that 
are optimal for recognition by T cells would favor spontaneous but also vaccination-induced 
antitumoral immune responses. In fact, T cells present in regressing melanoma metastasis or 
blood of vaccinated patients have been shown to recognize tumor antigens absent from 
therapeutic vaccines suggesting that vaccination has reawakened antitumoral T cell responses 
to other antigens than those targeted by vaccination 486-489. Therefore, the quantitative 
approach in evaluating the expression of antigens presented by melanoma cells appears 
indispensable not only for diagnostic, but also for immunotherapeutic purposes, since it 
determines the eligibility of a patient for therapeutic vaccination and assists monitoring of the 
clinical response.  

Quantitative determination of peptide-HLA complex density on the surface of tumor 
cells within melanoma lesions could allow a direct evaluation of the susceptibility of tumor 
cells to CTL killing. For this purpose, antibodies generated against specific peptide-HLA 
complexes might be employed, but their limited availability and strict specificity to particular 
peptide-HLA combinations preclude their wide use 490-493. RT-PCR-based quantitative 
measurement of mRNA expression offers an indirect estimation of the amount of the relevant 
antigenic peptide presented at the tumor cell surface. This technical approach can be more 
beneficial than semi-quantitative immunohistochemical analysis of relevant protein 
expression when small tumor samples have to be analyzed and specific monoclonal 
antibodies are not available. 
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Tumor cell lines isolated from melanoma lesions are capable of restimulating in vitro 
autologous T lymphocytes and are sensitive to lysis by isolated antigen-specific CTL clones 
in more than 90% of instances 5. Although the phenotypes of melanoma cell lines may differ 
from the phenotypes of melanoma cells in vivo due to the distinct adaptation to culture 
conditions, the co-culture of melanoma cells with antigen-specific CTLs may bear some 
relevance to the in vivo conditions. Moreover, quantitative analysis of parameters determining 
the functional outcome of tumor cell-CTL interactions can be readily performed in vitro.  

The variable expression of genes encoding melanoma antigens appears to be 
functionally significant since it has been associated with variable efficiency of recognition of 
target tumor cells by CTLs 404, 494, 495. A correlation has been found between the levels of 
mRNA and protein expression, on one hand, and the extent of recognition efficiency of the 
relevant antigens by specific CTLs, on the other hand 404, 495. The threshold of the lowest 
mRNA expression level that results in recognition of a relevant antigen by specific CTL 
clones has been established 404, 495. The threshold of 3 MAGE-A1 mRNA copies per cell has 
been associated with the susceptibility of melanoma cells to lysis by CTL clones recognizing 
MAGE-A1-derived antigens 404. The majority (76%) of MAGE-A1-expressing melanoma cell 
lines exhibited the levels of MAGE-A1 transcripts that exceeded this threshold (Results - Part 
I, Fig. 1c). In our second study, CP50-MEL cells had the lowest levels of gp100 mRNA and 
protein expression. These expression levels further decreased after treatment with IL-1", and 
recognition of treated cells by the cognate CTL clone was no more observed. These data 
indicated that the expression level of gp100 decreased under the threshold compatible with an 
efficient CTL recognition (Results - Part II, Fig. 4). In accordance with our study, lower 
mRNA and protein expression levels of gp100 and Melan-A in a panel of melanoma cell lines 
have been associated with lower efficiency of recognition by cognate CTL clones 495. 
Similarly to IL-1" that reduced the capacity of melanoma cell lines to activate differentiation 
antigen-specific CTL clones in our study (Results - Part II, Fig. 4), Wnt5A has been shown to 
repress the expression of MITF, Melan-A and gp100 proteins and to render melanoma cells 
less competent for CTL activation 278. These overall observations indicate that the lower 
expression levels of mRNA and proteins encoded by melanocyte differentiation genes would 
lead to decreased supply and presentation of relevant antigenic peptides by melanoma cells. 
Besides expression levels of relevant mRNA and protein, other parameters might account for 
the efficiency of antigen recognition by specific CTLs. These parameters would include post-
translational modifications of the relevant protein 496, 497, its misfolding and degradation rates 
133, 498, the efficiency of processing of antigenic peptides, the expression of HLA molecules, 
the affinity and competition of intracellular peptides for HLA molecules 499 and the expression 
and distribution of co-receptors, co-stimulatory and adhesion molecules 500. The respective 
weight of these parameters in the overall functional outcome could be investigated in vitro in 
order to get insight into the mechanisms governing tumor cell-CTL interactions in vivo.  
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III. BORIS as a potential target for immunotherapy in melanoma 
 
We showed by quantitative RT-PCR that BORIS is aberrantly activated in a 

substantial proportion of primary and metastatic melanoma tissues (16% and 34%, 
respectively) and melanoma cell lines (59%). Although this frequency is lower than the 77% 
of BORIS-expressing uterine cancer tissue samples 352, it is similar to that reported for other 
CG genes in primary (11-36%) and metastatic (22-76%) melanoma 299. Frequency and 
patterns of BORIS expression in melanoma tissues could be investigated in a larger number 
of melanoma samples both at the mRNA and protein levels. The expression of BORIS and the 
methylation status of its promoter assessed in melanoma lesions or in serum of melanoma 
patients could serve as a diagnostic biomarker as well as a potential tool to predict the disease 
outcome, the likelihood of metastatic spreading and the probability of response to a treatment. 
The investigation of the immunogenic potential of BORIS might help to identify new target 
antigens, which may be preferential targets in individual anti-tumor immune responses 
determined by the natural HLA polymorphism and the individual T cell repertoire.  

The critical step in exploring the immunogenicity of BORIS in melanoma should be to 
find out if the level of BORIS expression in tumor cells is sufficient to produce antigenic 
peptides and whether these peptides are efficiently processed and presented in the context of 
HLA molecules to antigen-specific T cells. Since BORIS-derived peptides have not been 
found among epitopes eliciting T cell responses in melanoma or in other types of cancer, the 
“reverse immunology” approach of tumor antigen identification could be applied. On the 
basis of the well-established algorithms in the publicly available databases for predicting 
HLA-allele-restricted epitopes 501, numerous BORIS-derived peptides match consensus 
sequences for presentation by different HLA class I and class II alleles. These candidate 
peptides might be synthesized, assessed for their binding affinity to the relevant HLA 
molecules and their capacity to activate in vitro T cells isolated from melanoma patients. 
Antigen-specific T cell clones might be then established and assessed for their capacity to 
lyse BORIS-expressing tumor cells. Recently, the indirect evidence of BORIS 
immunogenicity has been provided in mice vaccinated with a plasmid encoding a mouse 
BORIS lacking the DNA-binding domain 442, 502. The splenocytes of the vaccinated mice 
exhibited cytolytic activity against several BORIS-expressing mouse tumor cell lines. The 
epitope(s) eliciting this immune response remain(s) to be identified 442, 502.  

Finally, the evidence should be provided that BORIS-derived antigens are strictly 
tumor-specific in order to avoid an immunotherapy-induced autoimmune response against 
normal cells. In contrast to MAGE-A1, whose expression was found to be restricted to testis 
and placenta, several normal somatic tissues exhibited low expression levels of BORIS 
mRNA, which did not exceed the threshold of 0.1 copy of BORIS mRNA/2,000 copies of 
ACTINB mRNA, that is about 0.3% of the level in testis (Results - Part I, Fig. 1b). 
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Accordingly, other studies in normal somatic tissues have reported either absence or low 
expression of BORIS transcripts in semi-quantitative RT-PCR experiments, and absence of 
BORIS protein detection by immunohistochemistry 289, 346, 442. Some other CG genes, 
especially those mapped to autosomes, have been found to be expressed in a limited number 
of somatic tissues, albeit at levels not exceeding 1.5% of their expression levels in testis 297, 311. 
It has been often debated whether this so-called “leaky” mRNA expression corresponds to a 
biologically significant level of protein 289, 297. Insightful studies of mRNA and protein 
stability are likely needed for each CG gene. Until now, low expression levels of CG gene 
transcripts have not been associated with immunohistochemically detectable levels of the 
corresponding proteins and are unlikely to result in the presence of immunologically relevant 
levels of peptide/HLA complexes on the surface of normal cells 297. Nevertheless, one cannot 
exclude the possibility of high and immunologically relevant BORIS expression by particular 
cell types within normal tissues. Therefore, if BORIS-derived peptides efficiently presented in 
the context of HLA molecules are identified, it should be essential to quantitatively evaluate 
BORIS mRNA and protein levels associated with the immunologically relevant levels of 
antigen presentation. In melanoma samples, the expression levels of BORIS transcripts varied 
greatly and reached up to 50 copies of BORIS mRNA/2,000 copies of ACTINB mRNA 
(Results - Part I, Fig. 1c). In order to assess the immunotherapeutic potential of BORIS 
activation in melanoma, it would be of relevance to directly measure by specific antibodies 
the quantity of peptide/HLA complexes that might elicit specific T cell responses.  

 
IV. Deciphering the role of BORIS in CG gene regulation in melanoma  
 
We explored the hypothesis that BORIS overexpression in melanoma cells might 

induce and/or maintain the activation of CG genes and, therefore, represent a new strategy to 
increase the repertoire of antigens presented on the surface of tumor cells. However, our data 
and recent data of other researchers argue against this hypothesis. First, in many melanoma 
specimens the activation of MAGE-A1 and other CG genes was found in the absence of 
BORIS activation (Results - Part I, Fig. 1c and Table 1), indicating that BORIS is not required 
for the maintenance of CG gene expression. Similarly, glioma cells have expressed several 
CG genes in the absence of BORIS expression 503. Second, neither transient nor stable forced 
expression of BORIS in melanoma cell lines that do not express BORIS was sufficient to 
derepress the expression of MAGE-A1 and other CG genes (Results - Part I, Fig. 2). This 
finding held true for ovarian cancer cell lines forced to express BORIS using an adenoviral 
transduction approach 504 and was extended to non-malignant cell types, such as human 
fibroblasts, immortalized human keratinocytes (Results - Part I, Fig. 4) and immortalized 
ovarian epithelial cells 504. Thus, no effect of forced BORIS expression has been documented 
by several studies in contradiction to data reported by another group of researchers 349, 505. 
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Explicitly, they have documented the activation of MAGE-A1, -A2, -A4, -B1, LAGE-1 and 
LAGE-2NY-ESO-1 in normal human fibroblasts and that of MAGE-A2, -A3/6, -A4 and -A11 in 
immortalized oral keratinocyte cells within 3 days of conditional transient BORIS 
overexpression 349, 505. The origin of the observed discrepancy is unlikely to be cell type-
dependent as neither human fibroblasts nor human keratinocytes used in our study showed 
activation of MAGE-A1, -A2, -A4, -B1 and LAGE-2NY-ESO-1 following forced BORIS 
expression. Moreover, all cell types used in above-mentioned studies appear to possess 
necessary factors to drive the expression of CG genes when their epigenetic repression is 
relieved by treatment with demethylating agent 5-azadC. Finally, conflicting findings call into 
question the intriguing proposal that BORIS reactivation may functionally contribute to 5-
azadC-mediated induction of MAGE-A1 and other CG genes. If a previous study in human 
fibroblasts treated with 5-azadC has reported the induction of BORIS at an earlier time point 
(8 hours) than MAGE-A1 (48 hours) 349, our time-course study in the same type of cells 
showed MAGE-A1 activation after 3 days of 5-azadC treatment, obviously in the absence of 
BORIS activation (data not shown). In ovarian cancer cells, the kinetics of 5-azadC-induced 
gene reactivation and promoter hypomethylation of CG genes (MAGE-A1, LAGE-2NY-ESO-1, 
XAGE-1) has been reported to be similar to that of BORIS 504 . This kinetics has not been 
affected by siRNA-mediated silencing of BORIS activation 504 in contradiction with data 
obtained in human fibroblasts 349. Moreover, neither the methylation of CG gene promoters 
nor global DNA methylation parameters, such as total genomic 5mdC levels and the 
methylation levels of the common repetitive element LINE-1, have been affected by ectopic 
expression of BORIS in ovarian epithelial cells and ovarian cancer cell lines 504. In accordance 
with the study in human fibroblasts 349, we observed local and partial demethylation of 5 CpG 
sites located between positions +129 and +169 within the first intron of MAGE-A1 in one of 
two melanoma cell lines ectopically expressing BORIS (Results - Part I, Fig. 3). However, 6 
CpG sites between positions -30 and +30, whose methylation status has been previously 
shown to have a major impact on MAGE-A1 transcriptional activity 284, 323, remained 
methylated consistently with MAGE-A1 silencing (Results - Part I, Fig. 2c and Fig. 3). Based 
on these observations, we concluded that BORIS expression on its own is insufficient to 
induce the expression of MAGE-A1 and other CG genes in melanoma cells and, consequently, 
may not serve as a general means to increase the repertoire of melanoma antigens. 

Although BORIS does not seem to be the primary regulator of CG gene expression, 
some recent findings do not exclude the possibility that BORIS may contribute to the 
regulation of CG genes and/or to the global epigenetic changes in tumors, including 
melanoma. The co-expression of BORIS and its paralog CTCF within the same cells is an 
abnormal phenomenon specific to tumor cells and its functional consequences are poorly 
understood. Understanding the mechanisms that would underlie BORIS recruitment to its 
target sites is likely to provide insight into its potential role in gene regulation in tumor cells. 
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The presence of shared 11 zinc finger DNA-binding domains likely provides BORIS 
and CTCF with similar DNA binding specificities and affinities. However, interactions with 
different proteins via distinct amino- and carboxy-termini might influence their DNA-binding 
behavior. It has been recently demonstrated that competition between BORIS and CTCF for 
the same DNA binding sites may occur when both proteins are present in equal amounts 506. 
The occurrence and frequency of such situation in tumors are poorly explored, whereas 
mRNA and protein stability of BORIS and CTCF in tumor cells has not been investigated. 
Although we did not quantitatively assess the levels of CTCF expression in melanoma 
specimens, our preliminary RT-PCR data indicate that CTCF is expressed at high levels in all 
tested melanoma samples. Quantitative expression analysis of breast cancer cell lines has 
revealed the constant abundance of CTCF mRNA, with levels being at least 9,000-fold higher 
than those of BORIS mRNA, thus raising the question whether the corresponding BORIS 
protein levels would be sufficient to compete with CTCF at DNA binding sites 351. Another 
study reported the quantitative analysis of BORIS and CTCF mRNA levels in ten lung cancer 
cell lines: only one out of five BORIS-expressing cell lines harbored higher BORIS than 
CTCF expression, whereas in four cell lines the levels of CTCF transcripts exceeded those of 
BORIS at least 100 times 353. Thus, currently there is no evidence that BORIS expression 
levels are superior or comparable to those of CTCF in the majority of tumor samples, 
suggesting that the competition model is rarely applicable. In addition to quantitative RT-
PCR, immunohistochemistry and/or Western blot approaches could be used to assess the 
mRNA and protein levels of BORIS and CTCF in melanoma cell lines and tissues. Whether 
BORIS is able to displace CTCF from its binding sites in melanoma cells in vivo could be 
investigated in genome-wide and local scale ChIP-based studies of regions bound by BORIS 
and CTCF in melanoma cells compared to those bound by CTCF in melanocytes. CTCF 
depletion using siRNA could help to determine the CTCF/BORIS ratio leading to the 
competitive occupancy of their target sites. 

Recent reports strongly suggest that the specificity of DNA-binding by either BORIS 
or CTCF is conferred by the methylation status of their target sequences 360, 361. If CTCF 
binding is generally limited to unmethylated DNA, BORIS DNA-binding activity appears to 
be methylation-insensitive and to depend on physical occupancy of unmethylated sites by 
CTCF 360. BORIS has been proposed to be able to bind methylated sites, but also 
unmethylated sites when CTCF is displaced 360. One report has provided evidence that 
DNMT1 and DNMT3B expression levels influence the respective amounts of BORIS and 
CTCF binding to the promoter of BAG-1 (BCL2-associated athanogene) 506. In human colon 
carcinoma cell line HCT116 harboring similar BORIS and CTCF protein levels, BORIS 
binding to BORIS/CTCF binding sites within the BAG-1 promoter has increased as a function 
of DNMT1 and/or DNMT3B overexpression. In contrast, CTCF binding has increased when 
DNMT1 and/or DNMT3B have been deleted 506.  
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In addition, BORIS binding to BAG-1 has been accompanied by increased expression 
of this gene and chromatin permissive changes in the histone H3 methylation status of its 
promoter 506. In contrast, non-permissive chromatin status (decreased H3K4me2/H3K9me2 
ratio) and reduced BAG-1 expression have been observed concomitantly with the occupancy 
of the BAG-1 promoter by CTCF 506. Based on a recent observation in the same HCT116 cell 
line, BORIS has been proposed to act as a scaffold protein that assembles complexes 
containing chromatin-modifying enzymes within gene promoters 507. Within the promoters of 
Myc and BRCA1, BORIS has been proposed to bind via its N-terminal domain a chaperone 
protein BAT3 (HLA-B associated transcript 3) and to recruit SET1A/ASH2 complex that 
possesses H3K4 methyltransferase activity 507. Concomitantly with the recruitment of this 
complex, increased transcriptional activity of Myc and BRCA1 has been observed 507. 

In the light of these recent findings, it would be of interest to explore whether BORIS 
might regulate the histone H3 methylation status within the MAGE-A1 promoter or within 
promoters of other CG genes in melanoma cells. To exert this function, BORIS needs to be 
recruited to the MAGE-A1 promoter. BORIS binding to the MAGE-A1 promoter has been 
demonstrated by ChIP-qPCR assay in NCCIT cell line derived from testicular tumor and in 
lung cancer cell line H1299, which exhibits 4-fold higher mRNA levels of BORIS than those 
of CTCF 349, 353. The specificity of either BORIS or CTCF binding to the MAGE-A1 promoter 
has been proposed to be determined by the CTCF/BORIS ratio 349, 353. The second factor that 
might determine binding specificity is the methylation status of the common CTCF/BORIS 
binding region in the MAGE-A1 promoter mapped by EMSA studies to the S9 fragment 
corresponding to the positions +47 to +183 downstream of the MAGE-A1 TSS 349 (Fig. 1).  
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 In ChIP-qPCR assay, the occupancy of the S9 region by BORIS has increased after 
treatment of human fibroblasts with 5-azadC, suggesting preferential binding of BORIS to 
hypomethylated sequences 349. However, EMSA assay has demonstrated methylation-
insensitive binding to the S9 fragment of the 11ZF DNA-binding domain of CTCF and 
BORIS 349. Whether the methylation status of 6 CpG nucleotides situated within the S9 region 
might determine BORIS binding specificity in melanoma cells, could be explored by ChIP 
assay using anti-BORIS antibody. The pulled-down DNA could be subjected to bisulfite 
conversion and subsequent methylation-specific PCR spanning the S9 region. In parallel, the 
pulled-down chromatin could be examined for histone modifications that might occur within 
the MAGE-A1 promoter region following BORIS binding.  

The third factor that might underlie the specificity of DNA binding by BORIS could 
be its interaction with transcription factors operating within the MAGE-A1 promoter. For 
instance, BORIS recruitment might be favored by its interaction with the Sp1 transcription 
factor, which has been shown to physically associate with BORIS, but not with CTCF, in co-
immunoprecipitation experiments 508. Consistently, the co-recruitment of Sp1 together with 
BORIS to the LAGE-2NY-ESO-1 promoter has been demonstrated in lung cancer cell line H1299 
508.  Since the consensus binding site for Sp1 within the MAGE-A1 promoter (Fig. 1) has been 
shown to be functionally relevant for MAGE-A1 transcriptional activity 319, reciprocal 
dependence of BORIS and Sp1 recruitment could be investigated in ChIP and EMSA assays. 

Finally, the potential association between global DNA methylation changes and either 
CTCF or BORIS binding to DNA target sites could be explored in melanoma. In the course of 
tumor progression, DNA hypomethylation changes might lead to exposure of new CTCF 
binding sites. The consequent spatial redistribution of CTCF might ultimately lead to the 
sequestration of the major part of the CTCF pool, for example within hypomethylated 
repetitive regions of the genome, providing in this way unoccupied binding sites for BORIS. 
Given the global role of CTCF in chromatin organization 347, the resulting functional 
consequences, such as disruption of insulator boundaries and abnormal gene expression, are 
expected to have a genome-wide character. T cell-tumor cell interactions could also be 
modified since CTCF mediates multiple long-range intra- and inter-chromosomal 
interactions, including those that govern the expression of HLA molecules 509. CTCF/BORIS 
chromatin binding distribution and expression of genes relevant for tumor-immune system 
interactions (CG genes, HLAs) could be investigated in BORIS-negative and BORIS-positive 
melanoma cell lines after induction of DNA hypomethylation by transient depletion of 
DNMTs. 

In conclusion, recently reported data support a role of BORIS as an epigenetic 
regulator of gene expression due to its specific interactions with other proteins. Additional 
experimental investigation is required to determine BORIS potential to synergize or to 
compete with other epigenetic modifiers and to regulate gene expression in melanoma. 
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V. Concomitant and selective loss or downregulation of melanocyte-specific genes 
 
The concomitant loss or downregulation of several targets for effector T cells would 

confer an advantage for tumor cells and avert the benefits of immunotherapy. The absence of 
immunoreactivity to three melanoma markers (Melan-A, tyrosinase and gp100) has been 
found in 4/25 (16%) of advanced primary and 7/41 (17%) of metastatic melanoma samples, 
and none of MLANA, TYR and TYRP1 transcripts has been detected in 4/35 (11%) of 
metastatic melanoma specimens 510, 511. Patients bearing metastatic melanomas with no or low 
expression of at least two genes encoding differentiation antigens have had a significantly 
worse prognosis 511. The frequency of MITF-M repression occuring concomitantly with loss 
or downregulation of the other melanocyte differentiation genes has not been reported and is 
worth to be evaluated in a large number of melanoma tissue samples. The lack of 
immunoreactivity to MITF and simultaneous loss of other melanocytic markers have been 
observed to occur in about 80% of a desmoplastic variant of cutaneous melanoma 512, 513. Our 
preliminary data support the hypothesis that coordinated loss or downregulation of 
melanocyte differentiation genes can be associated with downregulation of MITF-M. Indeed, 
we estimated that about 17% of melanoma cell lines harbor a MITF-M-negative phenotype 
(Results - Part II). This phenotype was associated with absent or low levels of MLANA, TYR 
and gp100 expression in 12 melanoma cell lines tested (data not shown). Similarly, in the 
other study repression of MITF-M has been accompanied by repression of three MITF-M 
target genes (TYR, TYRP1, DCT) in 3 of 17 (17%) melanoma cell lines 482.  

The selectively lost expression of particular melanocyte differentiation genes and 
relevant proteins has been observed in melanoma tissues and established cell lines 510, 511, 513, 514. 
Of note, the visibly non-pigmented phenotype of melanoma cell lines does not necessarily 
imply that they have lost the expression of tyrosinase. Instead, tyrosinase may be retained in 
the ER and rapidly degraded because of the elevated proton export properties of melanoma 
cells 515. Selective loss of MLANA or TYRP1 expression has been observed by us (Results - 
Part II) and others 483 in MITF-M-expressing melanoma cell lines, suggesting that MITF-M 
expression is a requirement, but not the sole prerequisite for the expression of melanocyte 
differentiation genes in melanoma. Moreover, forced expression of MITF-M in MITF-M-
negative melanoma cell lines has not restored the expression of the endogenous melanocyte 
differentiation genes and visible pigmentation, while it has led to activation of an exogenous 
TYR promoter in gene reporter assays 482, 516. These observations might be explained by an 
insufficient concentration and/or activity of other transcriptional factors cooperatively acting 
with MITF-M (for instance, SOX10), and/or by a predominance of repressor(s) on promoters 
of melanocyte differentiation genes. Accordingly, the requirement of de novo protein 
synthesis for selective TYRP1 repression together with the EMSA data have suggested the 
inhibition of MITF-M binding to the TYRP1 promoter by an unknown repressor 483. 
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Several common regulatory mechanisms might underlie coordinate downregulation of 
MITF-M and other melanocyte differentiation genes. First, their transcriptional activation 
critically requires the recruitment of SWI/SNF chromatin remodeling complexes, which 
contain one of the two catalytic subunits, BRM or BRG1 211, 517. In melanoma cell lines, 
siRNA-mediated depletion of BRG1 has resulted in 80-90% reduction of MITF-M and TYR 
expression, whereas about 60% decrease has been observed after the depletion of BRM 517. 
Several essential components of the SWI/SNF chromatin remodeling complexes have been 
found to be downregulated in cancer 518, 519. It would be of interest to evaluate whether their 
expression is altered in MITF-M-negative melanoma cell lines. For instance, the expression of 
the SNF5 component of the SWI/SNF chromatin remodeling complexes has been shown to be 
downregulated in melanoma compared to dysplastic nevi as well as in advanced melanoma 
compared to less metastatic melanoma 519. 

The implication of other epigenetic mechanisms, such as DNA methylation and post-
transcriptional histone modifications, in the repression of melanocyte differentiation genes 
could be investigated in ChIP assays and by using inhibitors and/or siRNAs targeting 
different epigenetic modifiers. The prolonged absent or reduced expression of MITF-M and, 
consequently, of other melanocyte differentiation genes, might lead to repressive epigenetic 
modifications within promoters of these genes and ultimately to make them unresponsive to 
MITF-M transcriptional activity. The dynamic epigenetic changes occurring within promoters 
of melanocyte differentiation genes in the absence of MITF-M expression as well as 
following its re-expression might be investigated using the ectopic expression of MITF-M-
specific shRNAs under the control of an inducible promoter. 

Alternative regulatory mechanism that might underlie coordinate downregulation of 
MITF-M and other melanocyte differentiation genes may involve overexpression of miRNAs, 
either known to target MITF (Introduction, Fig. 3) or miRNAs recently found to be 
specifically expressed in melanocyte lineage cells 46. Interestingly, some miRNAs have been 
predicted to target several melanocyte-specific transcripts, for instance miR-137 (MITF, TYR) 
and miR-221/222 (SOX10, TYR) 520. Investigation of miRNA expression profiles in melanoma 
cells in relation with coordinate or selective silencing of melanocyte differentiation genes 
could be carried out. MITF-M-negative and MITF-M-positive melanoma cell lines could be 
used for this purpose. 

In conclusion, MITF-M expression appears to be necessary but not sufficient for the 
expression of genes that give rise to differentiation antigens in melanoma. Understanding the 
mechanisms underlying coordinate and selective regulation of melanocyte differentiation 
genes might serve for diagnostic and immunotherapeutic purposes in melanoma patients.  
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VI. IL-1 release in the tumor environment as a mechanism of MITF-M 
downregulation in melanoma  

 
We suggested that one of the mechanisms leading to MITF-M downregulation in 

melanoma could be the production of IL-1! and IL-1" cytokines in the tumor environment. 
Several lines of evidence support this hypothesis (Results - Part II and III). First, IL-1! and 
IL-1" cytokines, either recombinant or released by melanoma cells, inhibit MITF-M 
expression in melanoma cell lines in an IL-1R1-dependent manner in vitro. Second, MITF-M 
repression in IL-1-producing melanoma cell line KUL84-MEL was relieved, albeit modestly, 
by the treatment with IL-1Ra, a natural antagonist of IL-1R1. Third, inhibition of the major 
IL-1R1 transduction pathways counteracted MITF-M downregulation. Finally, IL-1 
production and MITF-M downregulation were estimated to occur simultaneously in about 
13% of melanoma cell lines and about 4% of metastatic melanoma tissues. The biological 
relevance of these observations in vivo could be uncovered by investigating the mechanisms 
responsible for MITF-M downregulation in melanoma cells and the production of IL-1 in the 
melanoma environment. 

 
VI.1 IL-1 expression in melanoma  
 
Immunohistochemical analysis of melanoma tissues with anti-IL-1" antibodies has 

revealed immunoreactivity of melanoma cells and of the stromal compartment containing 
macrophages and fibroblasts 484, 521, 522. Moreover, the expression of IL-1! and IL-1" has 
appeared to increase with melanoma progression 522. IL1B transcripts have been found in 
metastatic melanoma tissues at levels ranging from 1.5 to 450 mRNA copies/2,000 ACTB 
mRNA copies 467. Our RT-qPCR analysis revealed similar levels of IL1B transcripts in two 
metastatic melanoma tissues (Results - Part II, Table 1). As to the expression levels of IL1A 
transcripts, they were generally low and did not exceed 5 mRNA copies/2,000 ACTB mRNA 
copies in metastatic melanoma tissues 467 (Results - Part II, Table 1). In the serum of 
melanoma patients, IL-1! and IL-1" circulate, respectively, at average levels of 174±92 
pg/ml and 406±97 pg/ml (n=179), which are 13-fold and 10-fold higher than in healthy 
individuals 523. Local concentrations of IL-1 in melanoma tissues have not been investigated 
and might be higher than the circulating ones. Of note, local IL-1" levels observed in muscles 
during experimental sepsis in rats peaked at 1 ng/ml, whereas the levels of circulating IL-1" 
were about 200 pg/ml 524. In accordance with other studies 466, 467, 521, 525, we found that some 
melanoma cell lines release bioactive IL-1 cytokines in the supernatant, with levels ranging 
from 12 to 5,187 pg/ml for IL-1! and 5 to 2,050 pg/ml for IL-1" (Results - Part II). 

 



Discussion and perspectives 

 153 

VI.2 Why do melanoma cells make IL-1? 
 
Accumulating evidence indicates that a deregulation of numerous mechanisms 

controlling IL-1 production at the level of transcription, mRNA stability, translation and 
proteolytic processing occurs in some melanoma cell lines and melanoma lesions (Fig. 2). 

 
VI.2.1 Mechanisms underlying IL-1 release by melanoma cells 
 
Some melanoma cell lines are able to constitutively release biologically active IL-1" 

in the extracellular space 521, whereas macrophages need two distinct stimuli: the first stimulus 
(Signal 1) induces transcription and translation of the biologically inactive precursor pro-IL-
1" (31 kDa) devoid of secretory signal peptide and the second stimulus (Signal 2) is needed 
for caspase-1 activation with subsequent processing of pro-IL-1" and ATP-stimulated release 
of biologically active mature IL-1" (17 kDa) into the extracellular space 526. Activation of 
caspase-1 requires autocatalysis of procaspase-1 by the NLRP3 inflammasome, a multi-
protein complex containing nucleotide-binding domain and leucine-rich repeat containing 
protein 3 (NLRP3) 462, 527. One recent report has documented the presence of constitutively 
active NLRP3 inflammasome (autoactive Signal 2) in metastatic melanoma cells in vitro and 
in vivo 521. Consistently, the constitutive release of IL-1" by melanoma cells has been reduced 
by inhibition of caspase-1 or the use of siRNA directed against the inflammasome component 
ASC (apoptosis-associated speck-like protein containing a caspase recruitment domain 
(CARD)) 521. While primary melanoma cells have harbored assembled NLRP3 
inflammasome, the release of IL-1" by these cells has necessitated either activation of the IL-
1R1 by IL-1! or co-stimulation with muramyl dipeptide together with IL-1! 521. The 
mechanisms underlying constitutive activation of the NLRP3 inflammasome in melanoma 
cells and the activation status of the NLRP3 inflammasome in melanocytes remain to be 
investigated.  

In the light of these findings, melanoma cell lines that were found to constitutively 
release biologically active IL-1" in our study might be assessed for caspase-1 activation by 
investigating the presence of its cleaved form (p20) in cell lysates. Furthermore, our 
preliminary data suggest that CP50-MEL melanoma cells, which do not spontaneously release 
IL-1", might contain active NLRP3 inflammasome. Indeed, CP50-MEL cells treated with IL-
1! for two days were found to release IL-1" at levels of about 25 pg/ml (data not shown), 
which are similar to those observed in IL-1!-treated primary (4-31 pg/ml) and metastatic 
melanoma cell lines (33-120 pg/ml) harboring active NLRP3 inflammasome 521. Interestingly, 
the levels of intracellular IL-1", most probably pro-IL-1", have been shown to be 6.5-80-fold 
higher than the levels of secreted IL-1", indicating that only a minor fraction of pro-IL-1" is 
processed and released by melanoma cells 521. 
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IL-1! and IL-1" in their recombinant mature forms (17 kDa) bind to the same 
receptors and mediate similar biological functions 462, 463. However, they may have different 
functional roles based on their cellular compartmentalization 462, 463. Whereas IL-1" is solely 
active as a secreted product, IL-1! is rarely released by normal cells other than macrophages 
and is mainly active as an intracellular precursor form (pro-IL-1!) or as a surface-bound 
form, which acts in a juxtacrine manner through the IL-1R1 462, 463, 528. Intracellular pro-IL-1! 
is constitutively present in keratinocytes, fibroblasts and epithelial cells. Pro-IL-1! can be 
processed by the Ca2+-dependent protease calpain into the C-terminal mature form (17 kDa) 
and the N-terminal cleavage product – the propiece of IL-1! (16kDa) 529 (Fig. 2). Pro-IL-1! 
and the propiece of IL-1! are suggested to act in an intracrine manner and to translocate into 
the nucleus due to a N-terminal nuclear localization sequence 530-532. Although pro-IL-1! is 
not a substrate of caspase-1, recent studies have indicated that secretion of bioactive IL-1! by 
macrophages and keratinocytes requires functional NLRP3 inflammasome and activated 
caspase-1 533. Both pro-IL-1! and mature IL-1! can be released in the extracellular space and 
activate IL-1R1. The extracellular export of IL-1!, which lacks secretory signal peptide, 
appears to rely on stress signal-induced transmembrane translocation of IL-1! in a complex 
with S100A13, a protein harboring chaperone-like function 534. The identity of IL-1! form(s) 
released into the supernatants of melanoma cell lines could be determined by Western blot. 
Determining the identity, quantity and localization of IL-1! forms in melanoma cells, as well 
as understanding the mechanisms of IL-1! cleavage and release (i.e. imbalance between the 
expression of calpain and calpain inhibitors), would help to uncover the role of this cytokine 
in melanoma pathogenesis.  

 
VI.2.2 Mechanisms underlying constitutive IL-1 synthesis by melanoma cells 
 
Given that the NLRP3 inflammasome appears to be activated in melanoma cells that 

spontaneously release IL-1", but also in those that need an additional signal for IL-1" release, 
the constitutive transcriptional activation of IL1B (autoactive Signal 1) might be particularly 
important for constitutive IL-1" production 521 (Fig. 3). In agreement with previous studies 468, 

469, 535, 536, our data indicate the involvement of the NF-#B pathway in constitutive 
transcriptional activation of IL1A and IL1B (Results - Part III, Fig. 4). In IL-1 producing 
melanoma cell lines, NF-#B constitutively activated by IL-1R1-mediated signaling would, in 
turn, induce expression of IL1A and IL1B by binding to their promoters and ensure the 
maintenance of the autoregulatory positive feedback loop of IL-1 production 521, 536. In 
accordance with this model, IL-1-producing melanoma cell lines harbored constitutive NF-#B 
binding activity and exhibited reduced transcription of IL1A and IL1B after IL-1Ra-mediated 
blockade of IL-1R1 signaling (Results - Part III, Fig. 2 and 3). The relevance of the proposed 
model could be further validated in IL1A/IL1B promoter-driven reporter assays.  
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Further, our data suggest the engagement of the JNK pathway in the constitutive 
activation of IL1A and IL1B (Results - Part III, Fig. 4). The JNK, ERK and p38 MAPK 
pathways frequently share their upstream regulators and downstream effectors (Introduction, 
Fig. 6) 113, 537. Selective and combined inhibition of these pathways using various approaches 
(specific inhibitors, siRNA silencing, dominant negative mutants) would help to dissect the 
extent of their involvement in the induced and constitutive IL1A and IL1B transcription. 
Cross-talks between MAPK pathways are usually highly dependent on the cell context 113, 537. 
In melanoma cells harboring the BRAFV600E mutation, a rewiring mechanism linking ERK 
signaling to JNK signaling has been reported 538. Constitutively active ERK has been shown 
to increase c-Jun levels through its stabilization and activation of c-jun transcription 538. c-Jun, 
in turn, has increased the transcription of RACK-1, an adaptor protein required for the 
activation of JNK, which phosphorylates c-Jun and increases its stability and transactivation 
potential 538. EB16-MEL and KUL84-MEL cells harbor activating BRAFV600E mutation and 
apparently exhibit loss of heterozygosity of the wild-type allele at the codon 600 of BRAF 
(Results - Part III, Fig. 5c). This genotype has been reported to occur in 11% (3/28) of 
melanoma cell lines harboring BRAFV600E mutations 539. As BRAFV600E is a gain-of-function 
mutation, loss of the wild-type BRAF competitor could promote the effectiveness of the 
mutant BRAFV600E variant. Therefore, the ERK-JNK feed-forward loop might be activated in 
EB16-MEL and KUL84-MEL cells. It would be of interest to confirm the suggested BRAF 
genotype by cloning and sequencing of exon 15 PCR products obtained from these cell lines 
and from corresponding melanoma lesions. Moreover, the extent of the ERK and JNK activity 
could be investigated in these samples.  

A common downstream effector of MAPK pathways is activator protein 1 (AP-1) 
transcription factor, which possesses functionally relevant binding sites within IL1A and IL1B 
promoters 469, 540, 541. The binding of homo- or heterodimeric AP-1 complexes to IL1A and 
IL1B promoters and the identity of AP-1 subunits could be investigated in IL-1-producing 
melanoma cell lines using EMSA, ChIP and gene reporter assays. AP-1 dimers binding IL1A 
and IL1B promoters might contain of the members of Jun (c-Jun, JunB, JunD) and Fos (c-Fos, 
FosB, Fra1, Fra2) families, which contain basic region (b) and leucine zipper (Zip) domains 
542. In pancreatic cancer cells constitutively producing IL-1!, AP-1 complexes containing c-
Fos have been shown to bind two AP-1 sites within the IL1A promoter 469. In melanoma cells 
harboring a BRAFV600E mutation, the constitutively activated ERK signaling would result in 
increased expression of c-Jun and c-fos, which encodes a heteromeric partner of c-Jun 538, 543. 
The relative importance of AP-1 activity in the induced and constitutive transcription of IL1A 
and IL1B could be evaluated by selectively targeting AP-1 subunits using siRNAs or by 
expressing TAM67, a dominant-negative mutant of c-Jun devoid of N-terminal 
transactivation domain 544. TAM67 generally inhibits AP-1 activity regardless of the specific 
binding partner owing to its promiscuous interaction with most AP-1 proteins 542. 
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Finally, our data obtained in KUL84-MEL cells suggest the cooperative action of the 
JNK and NF-#B pathways in the constitutive activation of IL1A and IL1B (Results – Part III, 
Fig. 4). The cross-talks between the NF-#B pathway and JNK or other MAPK pathways 
might occur at several signal transduction levels and ultimately result in simultaneous 
activation and cooperative action of AP-1 and NF-#B within IL1A and IL1B promoters 
(Discussion, Fig. 2 and 3; Introduction, Fig. 13). First, several upstream kinases of the JNK 
pathway, such as TAK1, MEKK1, MEKK3, have been demonstrated to concomitantly 
activate the I#B kinase complexes 545-547. Second, a discovered scaffold protein, named POSH, 
has been shown to participate in the activation of the JNK pathway and the nuclear 
translocation of NF-#B 548. Third, mutated BRAFV600E might contribute to constitutive NF-#B 
activity via activation of IKK" 255, enhanced expression of "-TrCP targeting I#B! for 
ubiquitination-dependent degradation 249 and via p65 phosphorylation by MSK1, a 
downstream target of ERK 256. Moreover, c-Raf-induced transformation of NIH 3T3 mice 
fibroblasts required NF-#B activation, and the initiating role of the ERK pathway in the 
establishment of an NF-#B activation-dependent IL-1 autocrine loop has been proposed 549.  
In addition, the association between the presence of a NRAS activating mutation and the 
expression of IL1A, IL6 and TNFA by clonal melanoma populations derived from the single 
melanoma lesion has been established, but the state of NF-#B activity has not been explored 
550. Fourth, NF-#B has been found to exert a transcriptional control of the components of the 
AP-1 complexes by inducing the expression of Elk-1, which is phosphorylated by ERK and 
induces the expression of c-fos and fosB 551.  

Finally, cooperative action of NF-#B and AP-1 transcription factors might be 
mediated via their enhanced DNA binding and/or transactivation potential within IL1A and 
IL1B promoters. Physical interactions between AP-1 (c-Jun/c-Fos) and NF-#B (p65/p50) 
components have been demonstrated in living cells using the bimolecular fluorescence 
complementation (BIFC) assay 552. Furthermore, the overexpression of NF-#B subunits has 
been shown to potentiate transcription from an AP-1 dependent promoter in gene reporter 
assays and vice versa 553. Moreover, NF-#B binding to its target sequences has been shown to 
be suppressed in c-Jun-deficient cells 554. The cooperative action of AP-1 and NF-#B 
transcription factors within IL1A and IL1B promoters could be assessed by EMSA, ChIP and 
gene reporter assays.  

Other transcription factors than AP-1 and NF-#B as well as some epigenetic 
mechanisms may contribute to constitutive transcription of IL1A and IL1B in melanoma cells 
555, 556. Differential expression of IL1A and IL1B in the same melanoma cell line supports this 
notion (Results - Part II, Table 1). The activation of IL1A in a clonal population of A375 
melanoma cells constitutively producing IL-1! has been reported to require, on one hand, the 
binding of Sp1 or Sp3 to the IL1A promoter and, on the other hand, reduced activity of 
HDAC1 557. 
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VI.2.3 The failure of negative regulatory mechanisms 
 
To prevent an inappropriate and aberrantly sustained response following activation of 

IL-1R1, a variety of extracellular and intracellular feedback pathways negatively regulating 
IL-1R1-mediated signaling have evolved (Fig. 2). These include the competitive inhibition of 
ligand binding to IL-1R1 by the secreted isoform of IL-1Ra encoded by IL1RN locus; 
expression of the membrane decoy receptor IL-1R2 and inhibitory receptor SIGIRR 462; 
intramembrane proteolysis and release of soluble forms of IL-1R1, IL-1R2 and IL-1RAcP 
(IL-1R accessory protein), which compete with membrane receptors for ligand binding 462, 558; 
post-translational modifications and production of dominant negative splice variants of the 
components of the NF-#B pathway 559, de novo synthesis of I#B! and action of 
deubiquitinating enzymes A20 and CYLD 560, 561. The failure of any of these negative 
feedback mechanisms might favor IL-1 production by melanoma cells.  

Our data obtained in IL-1-negative CP50-MEL cells demonstrated the reversibility of 
transcriptional changes induced by IL-1 exposure (Results – Part III, Fig. 6), suggesting the 
activation of negative feedback mechanisms preventing the establishment of the autocrine IL-
1 loop in these cells. Consistently, the release of IL-1Ra in the culture medium was observed 
following treatment with IL-1". The levels of IL-1Ra (371±36 pg/ml, n=3) exceeded about 
22-fold the levels of de novo produced IL-1! (17±1 pg/ml, n=3), as measured by Bio-Plex 
immunoassay in the supernatants of CP50-MEL cells left in the presence of IL-1" for 10 days 
(data not shown). To investigate the role of potentially deficient negative regulators in the 
establishment of the autocrine IL-1 loop and to determine their identity, long-term IL-1 
treatment of CP50-MEL melanoma cells could be combined with siRNA screening using 
spontaneous IL-1 production as a read-out. Precisely, IL1RN-specific siRNAs could be used. 

Remarkably, IL-1-producing melanoma cell lines exhibit a deficient negative 
regulation by IL-1Ra. 10- to 200-fold greater amounts of recombinant IL-1Ra (17 kDa) are 
required to efficiently inhibit the binding of IL-1! and IL-1" to IL-1R1 in vitro 562. Notably, 
the supernatants of EB16-MEL cells producing about 7 ng/ml of total IL-1 contained only 
121±25 pg/ml (n=3) of IL-1Ra, and the supernatants of KUL84-MEL cells were devoid of it 
(data not shown). Within the melanoma environment, IL-1Ra produced by non-melanoma 
cells might compete with IL-1 for binding to IL-1R1. This could explain the higher levels of 
auto-activated IL1A and IL1B expression in melanoma cell lines than in the corresponding 
melanoma tissues (Results - Part II, Table 1). Interestingly, several antigens derived from 
non-mutated IL-1Ra protein have been found to be recognized by CTLs on the surface of 
melanoma cell lines, indicating IL-1Ra production by some melanoma cells 563. The levels of 
circulating IL-1Ra are worth to be explored in melanoma patients. In patients with other types 
of cancer, the increased levels of circulating IL-1Ra (over 150-400 pg/ml observed in healthy 
individuals) have been associated with either increased or decreased disease severity 564. 
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The mechanisms underlying the imbalance in IL-1Ra/IL-1 ratio in some melanoma 
cell lines are unknown and several possibilities could be explored. First, polymorphisms 
within IL1A, IL1B and IL1RN may result in altered synthesis of IL-1!, IL-1" and IL-1Ra, 
respectively 565. Second, differences in transcriptional regulation of IL1RN, such as 
independency on the NF-#B activity, might account for its differential synthesis in melanoma 
cells 566. Third, the presence of AU-rich elements (ARE) within the 3’UTR of IL1B, but not 
IL1RN transcripts, might account for their differential post-transcriptional regulation.  

The IL-1R1/IL-1R2 imbalance might also contribute to a deregulation of IL-1 control 
in melanoma. Of interest is the finding of differential IL1R1 expression by melanoma cell 
lines (Results - Part II, Fig. 2). In order to assess whether this observation reflects the in vivo 
situation, immunohistochemical analysis of melanoma tissues, in situ binding assay 567 or RT-
qPCR analysis of IL1R1 expression in laser capture microdissected melanoma cells could be 
performed. The functional significance of differential IL1R1 expression is not clear. On one 
hand, prevalent binding of IL-1 to IL-1R1 on the surface of melanoma cells, which generally 
outnumber other cell types in tumor environment, might dampen immunostimulatory actions 
of IL-1 in situ. In addition, the expression of IL-1R1 would be required for the establishment 
of the autocrine IL-1 loop in some melanoma cells. On the other hand, melanoma cells with 
no or low expression of IL-1R1 would not compete for IL-1 in the tumor environment, exhibit 
reduced sensitivity to IL-1 triggering and maintain in this way the expression of 
differentiation antigens to elicit antitumoral immune responses.  

The transcriptional silencing of IL1R1 might rely on epigenetic mechanisms. For 
instance, local extrinsic factors might induce IL1R1 silencing, which might be consolidated 
due to intrinsic melanoma-related epigenetic changes. In line with this hypothesis, the 
repression of OSMR! , which encodes receptor for oncostatin M (OSM), appears to rely on 
increased histone deacetylation within its promoter 568. In addition, differential regulation of 
alternative IL1R1 promoters might occur in tumor cells 569. 

To understand the relationships between IL-1 producing and IL-1 responding cell 
types within the tumor environment, an extensive analysis of mRNA and protein expression 
of the components of the IL-1 system could be performed in a large number of samples from 
different melanoma stages. It would be appropriate to compare mRNA and protein expression 
profiles from melanoma tissues with those exhibited by melanoma cell lines established from 
these tissues. In order to overcome the problem of cell heterogeneity and sub-regional 
differences in mRNA profiles in tumor samples, such comparisons would require laser 
capture microdissection of the tumor and stromal cells in combination with an 
immunohistochemical analysis of tumor tissues. 

In conclusion, our study revealed disequilibrium in IL-1 control in melanoma cells. 
Some underlying mechanisms were suggested and might be explored in melanoma and other 
types of cancer. 
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VI.3 Mechanisms of IL-1-mediated MITF-M downregulation  
 
Whereas IL-1-induced MITF-M repression appears to be reversible in MITF-M-

positive melanoma cell lines, it might become constitutive and hardly reversible in melanoma 
cells constitutively producing IL-1 cytokines. Since solely IL-1 exposure was insufficient to 
initiate constitutive IL-1 production in melanoma cells, the primary causative role of IL-1 in 
permanent MITF-M downregulation could not be experimentally established. However, we 
suggested that a subset of melanoma cells chronically exposed to IL-1 cytokines in the tumor 
environment might acquire a capacity to autonomously produce IL-1 and hence to maintain 
MITF-M downregulation. The role of IL-1 in MITF-M downregulation in vivo could be 
indirectly assessed by the analysis of MITF-M transcript expression in microdissected 
melanoma cells adjacent to IL-1-producing stromal cells. Mechanistically, IL-1-mediated 
repression of MITF-M might be exerted at transcriptional, post-transcriptional and epigenetic 
levels. If some proposed mechanisms might promote both inducible and constitutive MITF-M 
downregulation, the others might solely operate to permanently silence MITF-M expression. 

 
VI.3.1 Transcriptional regulation 
 
Our study linked for the first time the downregulation of MITF-M expression with the 

activation of NF-#B and JNK pathways. Based on our data, it is tempting to propose that the 
previously reported NF-#B-mediated inhibition of TYR transcription could primarily imply 
the downregulation of MITF-M expression 459. In our study, LB2259-MEL cells exhibited 
constitutive NF-#B activity (Results - Part III, Fig. 3), which was likely further induced by 
IL-1 signaling and contributed in this way to MITF-M repression (Results - Part II, Fig. 3). 
Consistently with the constitutive triggering of IL-1R1 in IL-1-producing KUL84-MEL and 
EB16-MEL cells, they showed, respectively, about 4- and 7-fold higher constitutive NF-#B 
activity than LB2259-MEL cells (Results - Part III, Fig. 3). However, inhibition of the NF-#B 
signaling did not result in considerable derepression of MITF-M expression in IL-1-producing 
melanoma cell lines (Results – Part III, Fig. 4), suggesting that constitutive NF-#B activity is 
not the major mechanism responsible for the maintenance of permanent MITF-M repression.  

In contrast, inhibition of the JNK signaling appeared to counteract both IL-1-induced 
and constitutive MITF-M repression (Results - Part II, Fig. 3 and Results - Part III, Fig. 4). 
Both constitutive and IL-1-induced JNK activation might underly the observed effects. An 
ERK-JNK feed-forward loop 538 might be constitutively active in both MITF-M-positive and 
MITF-M negative cell lines that harbor a heterozygous T1799A mutation in BRAF (LB2259-
MEL and CP50-MEL cells) or, in addition, seemingly carry out the loss of heterozygosity at 
the codon 600 of BRAF (KUL84-MEL and EB16-MEL cells).  
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Consistently, phosphorylation of JNK1 and ERK1/2 was observed in LB2259-MEL 
cells in the absence of stimulation with IL-1 (Results - Part III, Fig. 5c). Moreover, the 
activated ERK pathway seemed to consitutively downregulate MITF-M expression in 
LB2259-MEL cells since their treatment with MEK inhibitors PD98059 and U0126 resulted 
in about 1.3-1.5-fold higher MITF-M expression (data not shown). The functional outcome of 
the selectively activated JNK pathway on MITF-M expression could be explored in these cells 
by the ectopic expression of the gain-of-function fusion protein of JNK and its upstream 
kinase MKK7 570. The extent of the constitutive ERK activity and its impact on permanent 
MITF-M repression are worth to be investigated in IL-1-producing melanoma cell lines.  

The constitutive activation of the ERK, JNK and NF-#B pathways might provide 
higher levels of expression and activity of transcription factors that are available for IL-1-
mediated MITF-M repression. Therefore, lower IL-1 concentration might be needed to incite 
MITF-M downregulation in MITF-M positive cell lines. Candidate transcription factors that 
might mediate MITF-M repression either directly or via intermediate action of other 
transcription factor(s) or miRNA(s) include NF-#B and AP-1. In silico analysis of the 5’ 
region of MITF (positions -2000 to +2000 relative to TSS) did not reveal the presence of 
consensus NF-#B-binding sites, whereas one AP-1 binding site TGACTCA is located in the 
first intron of MITF-M (Introduction, Fig. 7). Expression levels of AP-1 subunits, their post-
translational modifications and interactions with other proteins 571 might determine a function 
of AP-1 complexes within the 5’ region of MITF-M. NF-#B might indirectly contribute to the 
function of AP-1 complexes by increasing c-fos transcription via binding to its first intron 572 
or by inducing the expression of Elk-1 551. The AP-1 complexes might contain bZip 
transcription factors of Jun, Fos and activating transcription factor (ATF) families 542, 571. 
Besides binding to 7-bp AP-1 sites as homodimers or heterodimers with Fos proteins, Jun 
proteins can bind 8-bp CRE sites as heterodimers with ATF proteins. The activity of c-Jun-
ATF2 heterodimer is enhanced via phosphorylation of the transactivation domains of c-Jun 
and ATF2 by JNK 542. JunB-ATF2 complexes have been shown to suppress SOX10 
transcription and hence to repress MITF expression in about 50% of melanoma cell lines 573.  

The presence of the CRE and AP-1 sites within the 5’ region of MITF-M 
(Introduction, Fig. 7) confers the potential for the context-dependent modulation of MITF-M 
transcription due to differential binding of CREB and AP-1 transcription factors to these cis-
elements. Of the two CRE located upstream of the MITF-M TSS, the proximal one has been 
shown to bind phosphorylated CREB and to mediate basal and cAMP-stimulated expression 
of MITF-M 108 (Introduction, Fig. 5). In contrast, an inducer of AP-1 activity, TPA (12-O-
tetradecanoylphorbol-13-acetate), has been proposed to inhibit TYR transcription via 
decreased MITF-M binding to M-box in the TYR promoter due to reduced MITF-M 
expression 574. Based on previously reported data, three possible scenarios could explain the 
negative regulation of MITF-M transcription following activation of IL-1 signaling (Fig. 4A).  
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First, AP-1 complexes might competitively bind CRE and prevent transcriptional activation 
mediated by phospho-CREB. Second, AP-1 and CREB transcription factors might compete 
for binding with the limiting amounts of intracellular CBP, a common co-activator 575, 576. 
Finally, AP-1 dimers with higher transcriptional potential might be concurrently replaced 
following IL-1 signaling by dimers containing subunits with weak transactivation capacity, 
such as JunB, JunD, Fra1 and Fra2 542, 577. In addition, NF-#B might interfere with the action 
of SOX9, an activator of MITF-M transcription, which, similarly to SOX10, might be 
required for the transactivating function of phospho-CREB (Fig. 4B). Indeed, it has been 
reported that NF-#B indirectly affects the stability of the SOX9 transcript by a poorly 
understood mechanism 578. 

In LB2259-MEL cells, de novo protein synthesis appears to be required for IL-1-
induced MITF-M downregulation, since the treatment of these cells with the translational 
inhibitor cycloheximide (CHX) counteracted the inhibitory effect of IL-1 (data not shown). 
Moreover, the CHX treatment alone resulted in an increased abundance of MITF-M 
transcripts, suggesting that de novo protein synthesis is required for the homeostatic 
downregulation of MITF-M mRNA levels. Previously, CHX-dependent homeostatic 
downregulation of MITF-M has been proposed to involve proximal CRE site within the 1M 
promoter of MITF 108. De novo protein synthesis has been suggested to be required for the 
downregulation of phospho-CREB levels by protein phosphatase 1! (PP1!), while CHX 
treatment has resulted in the decline in PP1! and the maintenance of phospho-CREB levels 
108. To fit a model of competitive CREB/AP-1 binding to CRE site, CHX treatment might in 
addition reduce de novo protein synthesis of the AP-1 subunits executing negative 
transcriptional activity within the 1M promoter of MITF. The CHX sensitivity of DNA 
binding by CREB or AP-1 within 5’ MITF region may be investigated in ChIP-qPCR assays. 

To further investigate the potential involvement of AP-1 in MITF-M regulation, 
dominant-negative mutants of AP-1 subunits could be used, for instance TAM67, which is 
able to suppress both AP-1 and NF-#B transactivation activities 544, and A-Fos, a dominant 
negative variant of c-Fos, which inhibits endogenous AP-1 DNA binding activity 575. A-Fos 
forms non-functional dimers with wild type c-Fos via its acidic domain complementary in 
charge distribution to the basic region of c-Fos 575. The functional relevance of the AP-1 site 
found within the MITF-M promoter could be investigated in gene reporter assays. Since we 
did not observe IL-1-induced repression of luciferase reporter activity driven by the 1M 
promoter of MITF comprising 15 kb upstream and 95 bp downstread of its TSS 129 (data not 
shown), the vector that contains a part of the first intron of MITF-M could be used. The time-
course study of AP-1 and NF-#B nuclear co-localization following IL-1R1 signaling could be 
investigated in living cells using BIFC assay 552 and temporally related to MITF-M inhibition. 

Other transcription factors than AP-1 and NF-#B might contribute to MITF-M 
repression in response to IL-1 signaling. BRN2 has been shown to be transcriptional regulator 
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of MITF-M (Introduction, Fig. 7). It has been found to repress MITF-M transcription in 
melanoma cells 283, 579. ChIP-on-chip and ChIP-qPCR assays have revealed four BRN2 
binding sites within the 5’ region of MITF-M, two upstream and two downstream of its TSS 
579. The occupancy of these sites by BRN2 in the conditions of induced and constitutive IL-
1R1 signaling could be assessed by ChIP-qPCR assay. The portion of MITF-M that contains 
all BRN2 binding sites, including the one situated at +1800 bp relative to TSS 579, could be 
used to drive the expression of luciferase in gene reporter assays. Since phosphorylation of 
BRN2 has been documented to reduce its DNA binding activity 580, its dephosphorylation by a 
currently unknown phosphatase following IL-1 signaling, could result in increased binding 
and repression of the MITF-M promoter. 

PAX3, which acts as either transcriptional activator or repressor, has been found to be 
modified by phosphorylation 581 and acetylation 582. One possibility is that IL-1-induced 
dephosphorylation of PAX3 decreases its transactivating potential within the MITF-M 
promoter and/or impairs PAX3 interaction with other proteins, such as SOX10 127 (Fig. 4C). 
Interaction of PAX3 and KAP1 with HDAC10 in a ternary complex has been shown to 
relieve the repression of MITF-M by keeping PAX3 and KAP1 co-repressor deacetylated 582. 
Triggering of the IL-1 signaling might result in acetylation of PAX3 and KAP1, leading to 
repression of MITF-M (Fig. 4C).  

In addition, PAX3 and MITF have been show to be downregulated downstream of the 
PKC-mediated STAT3 phosphorylation in Wnt5A-treated melanoma cells 278. This signaling 
pathway might be further explored taking in account our findings of the JNK and NF-#B 
involvement in MITF-M repression. Indeed, JNK activation downstream of the Wnt5A 
signaling as well as phosphorylation of JNK by PKC have been demonstrated 583, 584, but the 
downstream events that could lead to MITF-M repression have not been studied in melanoma 
cells. In addition, persistently activated STAT3 has been shown to maintain constitutive NF-
#B activity in melanoma cells by promoting the nuclear retention of the acetylated p65 
subunit of NF-#B 585. Moreover, IL-1-producing melanoma cell lines secrete IL-6 521, a 
powerful inducer of STAT3 signaling, which has been shown to mediate PAX3, MITF-M and 
TYR downregulation by poorly understood mechanisms 586. Therefore, the cooperative action 
of the JNK, NF-#B and STAT3 pathways in Wnt5A- and IL-1-mediated MITF-M repression 
could be investigated in melanoma cells using loss-of-function approaches. 

Finally, long-range influence of distal cis-acting regulatory elements could interfere 
with MITF-M transcriptional regulation. Regulatory elements located within the other nine 
alternative MITF promoters (Introduction, Fig. 2) might act as enhancers or silencers for the 
MITF-M promoter activity. IL-1 signaling might either abolish enhancer activity or favor 
silencer function. Given that MITF spans over 200 kb (Introduction, Fig. 2), the relevance of 
distal cis-acting regulatory elements is technically difficult to assess in gene reporter assays, 
which, besides, do not always reproduce natural promoter context.  
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Over the past years, various models for the long-range transcriptional control have 
been put forward. These include intrachromosomal looping, interchromosomal trans-
interactions, heterochromatic suburbs and transcription factories 587. For instance, NF-#B has 
been shown to bind not only transcribed regions, but also repeated Alu elements throughout 
the genome and to induce formation of intra- and interchromosomal loops following 
environmental stimuli 588, 589. Global analysis of long-range MITF regulation may be done 
using newly developed high-throughput technologies based on chromosome conformation 
capture (3C) assays, which assess the physical proximity between DNA sequences as they 
occur in the nucleus 590. Another technology, the 4C assay (3C-on-Chip or Circular 3C) 
employs microarrays following inverse PCR that amplify all DNA fragments ligated to a 
genomic element of interest 591. 4C assay might be used to identify all genomic regions that 
interact with MITF-M promoter region in the absence and presence of IL-1 exposure.  

 
VI.3.2 Post-transcriptional regulation of MITF-M mRNA stability 
 
Contributing to the negative feedback response following IL-1R1 signaling, miRNA-

146a, miRNA-146b and miRNA-155 have been reported to target components of the IL-1R1-
mediated signaling pathway 473, 592. The transcription of these miRNAs is induced by NF-#B 
and AP-1 transcription factors 473, 593, 594, and their increased levels following IL-1 exposure 
might lead to MITF-M downregulation. Interestingly, we found one miR-155 target site 
(AGCAUUAA 595) in the 3’UTR of MITF (Introduction, Fig. 3). Moreover, the repression of 
MITF expression by miRNA-155 has been recently reported in an in vitro model of 
macrophage differentiation 596. Therefore, the expression of miR-155 could be assessed in 
LB2259-MEL cells treated with IL-1 and in IL-1-producing melanoma cell lines. 
Alternatively, a microarray-based screen to identify miRNAs induced by IL-1R1 signaling 
could be performed. Depletion of MITF-M mRNA and protein by miRNAs is expected to be 
reversible as it would lead to the downregulation of DICER known as transcriptional MITF 
target 29 and, consequently, to decreased maturation of de novo produced miRNAs.  

The presence of ARE sites (Introduction, Fig. 3) in MITF-M mRNA could be a 
determinant factor of its stability in melanoma cells. An imbalance between RNA-binding 
proteins that favor mRNA decay, such as tristetraprolin (TTP), and those that stabilize 
mRNA, such as Human antigen R (HuR), is frequently observed in cancer 47. Following 
inflammatory stimuli, such as IL-1 and TNF-!, numerous transcripts exhibit a reduction of 
their decay rate due to increased phosphorylation and inactivation of TTP and increased 
recruitment of HuR to their AREs 47. The competition for the limiting intracellular amount of 
ARE-regulating proteins might lead to their sequestration predominantly by AREs of 
cytokine-induced transcripts, leading to reduced mRNA stability of other ARE-regulated 
transcripts, including MITF-M mRNA.  
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The differential binding of TTP and HuR to the 3’UTR of MITF before and after IL-1 
treatment could be assessed by RNA immunoprecipitation using anti-HuR and anti-TTP 
antibodies 597 combined with quantitative RT-PCR. The p38 MAPK pathway is essential for 
the regulation of ARE-mediated post-transcriptional events 47. The observation of p38 
phosphorylation in LB2259-MEL cells treated with IL-1 (data not shown), prompts further 
analysis of p38 contribution to MITF-M regulation. 

Shortening of 3’UTRs by alternative cleavage and polyadenylation is frequently 
observed in cancer cells 598. In melanoma cell lines, MITF-M transcripts with short 3’UTRs, 
which should escape miRNA-mediated degradation and ARE-mediated regulation, 
predominate over MITF-M transcripts with intermediate and long 3’UTRs 44. Therefore, it 
would be of interest to assess the correlation between the content of shorter MITF-M 
transcripts in melanoma cell lines and the level of MITF-M expression after IL-1 treatment. 

 
VI.3.3 Epigenetic modifications 
 
There is compelling evidence that activation of signaling pathways is accompanied by 

epigenetic changes within gene promoters 173, and the relevance of such changes in 
carcinogenesis has been recently demonstrated in the context of JAK2 signaling 599. The 
activation of the MAPK signaling cascades has been associated with acetylation, 
phosphorylation and methylation changes of histone H3 and H4 amino acid residues 173, 600-602. 
In IL-1-stimulated cells, phosphorylation of c-Jun has promoted its interaction with the p65 
NF-#B subunit, dissociation of c-Jun/p65 from HDACs and concomitant histone acetylation 
within target promoter regions 554, 601. In addition, NF-#B signaling has been involved in 
transcriptional activation of histone demethylase expression 603, suggesting that constitutive 
NF-#B activity might result in permanent changes of histone methylation patterns. 

We suggested the involvement of some epigenetic mechanisms in permanent MITF-M 
downregulation. It is possible that the normally transient binding of negative regulatory 
factors to the MITF-M promoter after IL-1 exposure then leads to epigenetic changes that 
maintain the repressive MITF state following cell divisions. Whether induced and constitutive 
IL-1R1 signaling in melanoma cells is associated with chromatin changes within the 5’ region 
of MITF-M could be determined by ChIP analysis using monoclonal antibodies to specific 
histone modifications. DNA methylation might mediate a sustained repression of MITF-M. 
However, its 5’ region contains few CpG nucleotides and hence appears less susceptible to 
this form of epigenetic silencing. Nevertheless, methylation of a single CpG site, for instance 
located within the CRE of the 1M promoter of MITF, might affect DNA binding affinity of 
the relevant transcription factors. To test this hypothesis, the treatment of KUL84-MEL cells 
with 5-azadC alone or in combination with a JNK inhibitor could be performed and followed 
by ChIP-qPCR assay to assess the binding of CREB and AP-1 to the CRE-containing region.  
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The character of epigenetic changes might differ in IL-1-producing melanoma cells. 
Since treatment of EB16-MEL cells with 5-azadC did not result in MITF-M reactivation (data 
not shown), the MITF-M promoter might harbor a completely locked heterochromatin state 
insensitive to hypomethylating treatment in these cells. Of note, RT-PCR product was 
obtained with primers amplifying a region corresponding to exon 2 common to all MITF 
isoforms, indicating that at least one of them was expressed in these cells. Accordingly, 
MITF-M negative melanoma cell lines analyzed in another study have not been found to 
harbor any abnormality or a chromosomal translocation involving the MITF gene 482. 
 

VII. Contribution of IL-1 to the tumor-immune system interactions and the 
tumor phenotype in the course of melanoma progression   

 
The role of IL-1! and IL-1" as key mediators of both antitumor immunity and tumor-

promoting inflammation is emerging and starts to be elucidated in cutaneous melanoma 375, 463. 
The currently available data indicate that in the early stages of tumor development, IL-1 
might support the induction of the antitumoral immune response, while in advanced tumors it 
appears to promote tumor progression (Fig. 5) 375, 463. In view of these opposing functions, the 
cellular source, compartmentalization and quantity of IL-1 production might follow dynamic 
changes in the course of tumor development. In early stages of melanoma development, IL-
1! and IL-1" might be produced by resident skin keratinocytes after UV exposure 604, 605. 
Circulating monocytes, which are among the first immune cells to be attracted by tumor-
derived chemokines, migrate from the blood into hypoxic tumor tissue and differentiate in 
situ into macrophages and DCs (Fig. 5). These cells are able to release IL-1" when stimulated 
by danger-associated molecular patterns, which include IL-1! released from stressed or dying 
tumor and stromal cells in the hypoxic environment 521, 526, 606, 607. IL-1", in turn, promotes 
priming of IFN-$-producing tumor antigen-specific CD8+ T cells and stimulates activation 
and proliferation of CD4+ T cells 606, 608.  

Thus, IL-1 cytokines might serve as a ‘danger signal’ for mounting antitumoral 
immunity in early stages of tumor development by recruiting immune cells and enhancing 
antigen presentation 463. However, IL-1" production in the tumor environment increases the 
rate of accumulation of myeloid-derived suppressor cells (MDSC) exhibiting T cell 
suppressive activity 609-611 (Fig. 5). In melanoma patients, increased frequency of circulating 
MDSC has been documented 612. These melanoma-associated MDSC inhibited proliferation 
and IFN-$ production by CD8+ T cells in vitro and produced high levels of intracellular 
arginase leading to increased catabolism of L-arginine thus depriving T cells of this amino 
acid 612. In addition, tryptophan starvation of T cells might be promoted by IL-1 due to 
induction of indoleamine 2,3-dioxygenase expression by DCs 613. 
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The tumor-mediated production of IL-1 cytokines, which are able to stimulate 
antitumoral immune response, appears counterintuitive. Consistently, in the early stages of 
melanoma development, tumor cells apparently lack the capacity to actively release IL-1 521. 
In contrast, overactivation of the IL-1/IL-1R1 system in advanced tumors seems meaningful 
since it might contribute to the establishment of the immunosuppressive tumor environment. 
In a human melanoma/nude mouse model, the change in IL-1! compartmentalization has 
appeared to determine its function, since the antitumoral activities attributed to the cytosolic 
and membrane-bound forms 463 have not been observed when IL-1! has been actively 
secreted by melanoma cells 614. Immune cells might contribute to the initiation and 
maintenance of IL-1 production by tumor cells via cytokine-mediated interactions. Thus, 
macrophage-derived IL-1 might promote the initiation of an autoregulatory IL-1 production 
by melanoma cells. The interactions between melanoma cells and macrophages may be 
reciprocal and self-perpetuating leading to an amplification of the IL-1 production in the 
tumor environment. Melanoma-derived IL-1" and its downstream mediators (IL-8, IL-6, 
CCL2) may enhance macrophage chemotaxis and promote angiogenesis mediated by pro-
angiogenic factors, such as VEGF produced by tumor cells, macrophages and endothelial 
cells 521, 615. Recent studies clearly emphasize the requirement of NF-#B activation in both 
macrophages and tumor cells for maintaining the inflammatory circuits that promote tumor 
progression 251, 616. Besides IL-1 itself, other effector cytokines could stimulate IL-1 synthesis 
by melanoma cells, such as TNF-!, a T-cell and macrophage-produced pleiotropic cytokine, 
which potently induces NF-#B activity 617. We observed that TNF-! was able to stimulate 
IL1B transcription in LB2259-MEL cells, whereas our preliminary data suggest constitutive 
production of TNF-! by KUL84-MEL cells (data not shown). In addition, IFN-$ induced 
IL1B expression, but not IL-1" release by LB2259-MEL and CP50-MEL cells (data not 
shown), suggesting that this cytokine might enhance IL-1 synthesis in melanoma cells. In 
macrophages, IFN-$ treatment have resulted in the activation of caspase-1 and the release of 
endogenous ATP, thus enhancing IL-1" release 526. 

It is possible, that a combination of prolonged amplified activating signals with a 
failure of negative feedback mechanisms allows to reach a certain threshold and to switch to 
the constitutive IL-1 production by melanoma cells (Fig. 3, 5). This model could explain how 
multiple signaling pathways, such as the MAPK and NF-#B pathways, may cooperate to 
initiate and maintain an IL-1 autoregulatory loop. If the threshold model is operational, than 
the amplitude and the duration of the positive and negative regulatory signals should be 
considered. For instance, the presence of the BRAFV600E mutation in melanoma cells might 
enforce activating signals via the constitutive activation of ERK, JNK and NF-#B pathways. 
The role of BRAF mutations (such as V600E or V600R (1798-99GT%AG) as observed in 
DDHK62-MEL cells) in activating intracellular signaling pathways might be assessed by 
using loss-of-function approach, such as the depletion of the mutated BRAF by siRNAs 378, 618. 
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The apparent involvement of the mutated BRAFV600E in orchestrating downstream events that 
underlie the production of inflammatory cytokines 376, 378 indicates that this genetic event 
occurring early in melanomagenesis might participate in the build-up of an inflammatory 
environment in the course of tumor progression.  

There is ample experimental evidence indicating that constitutive IL-1-production by 
melanoma cells might promote tumor progression to metastatic disease 467, 564, 614, 619. Invasion 
of tumor cells in the extracellular tissues, their adhesion to endothelial cells prior to gaining 
access to the lymphatic or blood vessels, survival during circulation and establishment of 
angiogenesis at a secondary site requires the coordinated expression of a large number of 
genes. Several IL-1-regulated genes that encode adhesion molecules, chemokines and matrix 
metalloproteases (MMPs) have been shown to be essential for tumor invasion and metastasis 
467, 564. Transcriptional activation of many such genes by AP-1 cooperatively with NF-#B hints 
at mechanisms by which coordinate expression of functionally related sets of genes relevant 
to tumorigenesis is achieved 620. For instance, protein products of IL8 and VEGF are relevant 
to angiogenesis, whereas both AP-1 and NF-#B can cooperatively induce their expression via 
AP-1 and NF-#B binding sites for IL8 and solely via AP-1 binding site for VEGF 621-623. The 
NF-#B and AP-1 activation might be enhanced in circulating metastatic melanoma cells due 
to an increased likelihood of exposure to viral infection. In some types of cancer, viral 
infection has been linked to IL-1" production by tumor cells, constitutive NF-#B and AP-1 
activity and increased expression of particular miRNAs, including miR-155 594, 624, 625. It would 
be of interest to identify which genes are coordinately regulated by AP-1 and NF-#B 
transcription factors in response to transient and constitutive IL-1 exposure to better define 
and specifically inhibit the mechanisms that underlie this cooperation. The microarray studies 
of gene expression combined with loss-of-function approaches targeting AP-1 and/or NF-#B 
activity might be used for this purpose. 

Hypo-pigmentation appears to be one of the biological characteristics of metastasis-
competent melanoma cells. In a model of melanoma metastasis using intravital imaging, only 
a sub-population of less pigmented B16F2 mouse melanoma cells has been able to leave the 
primary tumor and to enter vessels draining from the tumor 626. Interestingly, the less 
pigmented phenotype of motile and intravasated cells has not been maintained in secondarily 
formed highly pigmented metastatic tumors, implying switching between pigmentation states 
as melanoma cells metastasize 626. A switch between high and low pigment production has 
been associated with changes in mRNA expression patterns 626. Thus, upregulation of TGF!2 
and activated TGF-" signaling have characterized poorly pigmented cells collected in vivo, 
consistent with the TGF-"-induced hypo-pigmentation and cell motility observed in vitro 626. 
Interestingly, dose-dependent cross-talk has been described between the TGF-" and IL-1" 
signaling pathways, suggesting that a hypo-pigmenting phenotype might result from a 
functional overlap between these pathways 627.  
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Phenotypic switching affecting pigmentation has been similarly shown in vivo in 
immunocompromised mice subcutaneously injected either with MITF-negative human 
melanoma cell lines harboring an ‘invasive’ expression signature or MITF-positive cell lines 
exhibiting a ‘proliferative’ expression signature 282. After injection of melanoma cells, tumors 
have developed at different time periods, which have been shorter for melanoma cells 
harboring the ‘proliferative’ signature 282. Remarkably, all developed tumors contained both 
MITF-positive and MITF-negative cells, suggesting that ‘proliferative’ and ‘invasive’ 
transcriptional signatures reflect environment-dependent interchangeable programs 282. 

The diversity of transcriptional programs in melanoma cell lines obtained from late-
stage tumors is frequently described. It is tempting to suggest that constitutive IL-1 
production by melanoma cells might dictate a particular expression pattern. This pattern 
might be characterized using microarray technology. The absence of MITF expression and the 
regulation of numerous genes involved in invasion by IL-1 indicate that IL-1-producing 
melanoma cell lines might constitute a subgroup harboring an ‘invasive’, rather than a 
‘proliferative’ signature. Accordingly, 8 of 9 MITF-M negative melanoma cell lines 
producing IL-1 exhibited doubling time of at least 80 hours, a feature observed in only 3 out 
of 14 MITF-M-positive melanoma cell lines (data not shown). Immunohistochemical staining 
of melanoma tissues corresponding to established melanoma cell lines with anti-Ki67 and 
anti-MITF antibodies could indicate whether there are differential rates of proliferation 
between MITF-negative and MITF-positive melanoma cells in vivo. However, MITF-negative 
melanoma cells might achieve their proliferative and survival equilibrium by capitalizing an 
activation of the NF-#B and MAPKs pathways 113, 251, 537. In line with the substitutive role of 
active NF-#B in ensuring survival of melanoma cells, we repeatedly observed lower numbers 
of surviving cells among I#B!M-expressing than in control cell populations (data not shown). 
While our in vitro data suggest that once it is switched off, the differentiation program is hard 
to reactivate (Results - Part III), the downregulation of MITF and other differentiation genes 
might be reversible in vivo. The capacity of melanoma cells to switch between phenotypes 
would probably depend on the environmental conditions and on the degree of survival 
dependency of melanoma cells on IL-1 signaling. Thus, some melanoma cells might acquire a 
“cytokine addiction” state incompatible with the capacity to switch between different 
phenotypes.  

Melanoma cells that express low amounts of differentiation antigens might have a 
higher capacity to escape immune response after exposure to systemic T cells in the 
circulation and, consequently, to harbor a higher propensity to metastasize and to form 
macrometastases at the secondary sites. Recent studies in a transgenic mouse model of 
melanoma suggest that dissemination of tumor cells occurs early in the tumor development, 
but that tumor cells may remain dormant or form micrometastases because their outgrowth to 
macrometastases is prevented by the antitumor action of CD8+ T cells 373, 628, 629. The depletion 
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of CD8+ T cells in this model has significantly accelerated outgrowth of mostly visceral 
metastases, which have exhibited downregulation of MHC molecules and of differentiation 
antigens 628, 629. Therefore, CD8+ T cells might control tumor cells that migrate to visceral sites 
and delay the development of metastases until antigenic loss variants are eventually selected. 
These observations in animal models are reminiscent of that made in melanoma patients. 
Indeed, some melanoma patients have shown initially favorable clinical response after 
antigen-specific immunotherapy, but have ultimately experienced the delayed outgrowth of 
visceral metastases with selective or coordinate loss of differentiation antigens targeted by the 
immunotherapy 630-632. These observations suggest that a selection process of antigen loss 
variants may occur in the face of an efficient antitumoral immune response. 

What could be the contribution of IL-1 production in tumor environment to the 
diversity of antigen expression levels observed in melanoma cells? A subset of melanoma 
cells might be refractory to the inhibitory action of IL-1 on MITF-M, for instance due to the 
downregulation of IL1R1 or genomic amplification of MITF. These cells may keep expression 
of MITF-M at levels compatible with proliferation and that of differentiation antigens at 
levels compatible with efficient recognition by T cells. Another group of MITF-M-expressing 
melanoma cells might respond to IL-1 signaling by transiently repressing MITF-M and by 
producing small amounts of IL-1, which are not sufficient to induce potent immune responses 
capable to counteract immunosuppressive mechanisms. Finally, melanoma cells might switch 
to constitutive production of high levels of IL-1, which are sufficient to promote potent 
antitumoral immune responses. Nevertheless, these cells might escape immune control due to 
the immunoselection of variants harboring loss of several differentiation antigens. Moreover, 
some of MITF-M-negative melanoma cells, similarly to EB16-MEL cells, may exhibit low or 
no expression of CG genes (Results - Part I), and, therefore, harbor an increased capacity to 
escape the immune response. In contrast to EB16-MEL cells, KUL84-MEL cells express high 
levels of MAGE-A1, -A2, -A3, -A4, -A10 (F. Brasseur, personal communication), which might 
give rise to antigenic peptides efficiently recognized by cognate CTLs. However, constitutive 
IL-1 production accompanied by high constitutive NF-#B activity and survival capacity might 
confer these cells a resistance to the apoptotic cell death induced by CTLs. In accordance with 
this hypothesis, restoration of the apoptotic death program by treatment with proteasome 
inhibitor bortezomib has resulted in sensitization of melanoma cells toward T-cell mediated 
lysis in vitro 633. The potential of the NF-#B pathway to confer melanoma cells resistance to 
immune destruction could be investigated by evaluating the lysis of I#B!M-expressing 
KUL84-MEL cells by CTLs targeting MAGE-A-derived antigenic peptides.  

In conclusion, the immune response that is appearantly generated early in the 
melanomagenesis with the aim to eradicate the tumor and inhibit its outgrowth, could induce 
adaptive alterations in tumor and immune cells. These changes might ultimately promote 
tumor progression and favor escape of tumor cells from the antitumoral immune response. 
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VIII. Relevance of the studied mechanisms of melanogenesis regulation in other 
physiological and pathological settings 

 
Expression of IL-1 cytokines in epidermis might represent one of the negative 

feedback mechanisms regulating melanogenesis. On one hand, keratinocytes release IL-1! 
and IL-1" cytokines in vitro following exposure to UVR, which induces activation of 
inflammasomes 604, 605. On the other hand, IL-1! treatment of cultured human melanocytes has 
been shown to elicit an inhibitory effect on melanogenesis, with markedly reduced tyrosinase 
activity 634. Therefore, IL-1-mediated repression of MITF-M might prevent the exaggerated 
induction of melanogenesis and the presentation of differentiation antigens at levels that could 
elicit autoimmune response to melanocytes. Similarly, a homeostasic role in the regulation of 
melanogenesis via NF-#B signaling has been proposed for TNF-! secreted by UV-exposed 
keratinocytes 459. In addition, the finding that !-MSH, which is released by keratinocytes and 
melanocytes following UV exposure, is able to negatively regulate TNF-!-induced NF-#B 
activity in melanocytes in vitro suggests a potential antagonism of !-MSH-induced and TNF-
!-induced signaling mechanisms in order to ascertain homeostatic regulation of 
melanogenesis 635. 

The pigmentation phenotype associated with germline mutations affecting components 
of different signaling pathways could indirectly indicate their functional involvement in the 
regulation of melanogenesis. For instance, mutations in genes that encode the 
RAS/BRAF/MEK components of the ERK signaling pathway are associated with so-called 
“RASopathies”, a group of rare developmental syndromes 636. Pigmentation abnormalities 
occur in 2-9% of cases and are represented by hyperpigmentation, “café-au-lait” spots, 
pigmented nevi and lentigines. Lentigines are black-brown spots whose number progressively 
increases up to thousands in patients with LEOPARD (Lentigines, ECG conduction 
abnormalities, Ocular hypertelorism, Pulmonic stenosis, Abnormal genitalia, Retardation of 
growth, sensorineural Deafness) syndrome, known as multiple lentigines syndrome 637, 638. 

Germline mutations in NEMO encoding an essential component of the NF-#B 
pathway lead to a X-linked disorder Incontinentia Pigmenti (IP), which is lethal in utero in 
males and specifically affects females 639. A shorter version of NEMO produced in 70-80% of 
IP patients retains the ability to interact with IKK! and IKK", but is no longer able to activate 
the NF-#B pathway in response to stimulation 639. IP is characterized by skin inflammation 
that usually starts within 2 weeks of birth and is followed by the accumulation of highly 
pigmented melanocytes along the lines of Blaschko, which are considered to overlap with the 
migratory melanoblast pathway. The cutaneous lesions then regress leaving behind 
hypopigmented areas 639.  

It would be of interest to explore whether the pigmentation changes observed in the 
above mentioned pathologies rely on molecular mechanisms that involve MITF-M regulation. 
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IX. Potential approaches in combining immunotherapy with targeted treatment 
in melanoma 

 
The elucidation of the molecular and cellular mechanisms underlying tumor-immune 

system interactions would allow rational design of strategies that tilt the balance in the favor 
of the antitumoral immune response over the tumor-promoting inflammation.  

The therapeutic strategies aimed to increase the repertoire and expression levels of 
melanoma antigens might improve an endogenous immune response and enhance the efficacy 
of the immunotherapy. Studies focused on the mechanisms of regulation of CG and 
differentiation genes in melanoma have underscored an important issue. The absent or poor 
expression of these genes does not appear to rely on irreversible processes altering gene 
integrity, but rather on mechanisms that are reversible and can be potentially targeted by 
specific treatment.  

Convincing data indicate that epigenetic modulators, including hypomethylating 
agents and histone deacetylase inhibitors (HDACi), promote the coordinate expression of 
multiple CG genes, as well as genes encoding MHC class I molecules 640. Therefore, a 
combination of immunotherapy with treatment by epigenetic modulators might enhance CTL-
directed killing of melanoma cells with increased number of peptide/MHC cell surface 
complexes. As the opportunity to reverse DNA methylation pattern occurs primarily in the 
course of replication, hypomethylating agents would preferentially target proliferating 
malignant cells. Used at low doses to avoid toxicity, Food and Drug Administration (FDA)-
approved hypomethylating agents azacitidine and decitabine have shown good clinical 
responses in patients with hematological malignancies, such as myelodysplastic syndromes 
(MDS) and acute myeloid leukemia (AML), with recent data confirming an overall survival 
benefit 641. One of the HDACi, vorinostat, has been approved by FDA for treating cutaneous 
T-cell lymphoma and more than 8 other HDACi undergo active clinical investigation in 
different types of cancer 642. Importantly, in a small scale study in patients with MDS and 
AML, combined treatment with azacitidine and HDACi sodium valproate has resulted in 
induction of MAGE-specific CTL responses in a half of patients, the majority of which have 
achieved a clinical response 643. Thus, the proof-of-concept for the use of epigenetic 
modulators to induce antitumoral immune responses has been provided in vivo. However, the 
specificity of these agents remains an issue, since they may reactivate, along with CG genes 
and tumor suppressor genes, the expression of pro-metastatic genes 644, whereas the treatment-
induced hypomethylation of the genome might lead to genetic instability of tumor cells. 
Based on in vitro experiments using breast cancer cell lines, the design of new 
hypomethylating agents that could selectively target DNMT1 has been proposed 644. The use 
of HDACi in combination with immunotherapy also needs an insightful investigation in 
different types of cancer since HDACs can modify histones but also non-histone proteins 645. 
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Moreover, HDACs have differential effects on the expression of pro- and anti-inflammatory 
cytokines and their inhibition can enhance the immune response in one case, but repress it in 
other 645. Moreover, several HDACi have repressed MITF-M expression in melanoma cells in 
vitro and in a humanized skin model in vivo 646, thus calling into question their use in 
combination with an immunotherapy targeting differentiation antigens. Nevertheless, HDACi 
treatment exhibited significant growth suppression in a human melanoma xenograft model in 
accordance with previously observed in vitro induction of growth arrest in melanoma cell 
lines 646, 647. The use of epigenetic modifiers in combination with an immunotherapy targeting 
antigens encoded by CG genes might be beneficial for patients with metastatic cutaneous 
melanomas harboring no expression of both CG and differentiation genes (as observed in 
EB16-MEL cells) and in patients with a desmoplastic variant of melanoma, which generally 
exhibits a similar antigen-loss phenotype 512. In conclusion, additional investigations are 
required to determine the potential for synergy of epigenetic modifiers and immunotherapy. 

Restoring the expression of MITF-M and genes encoding differentiation antigens 
appears to be challenging from a therapeutic perspective, since multiple mechanisms appear 
to be involved and need to be simultaneously targeted. Further deciphering the mechanisms of 
MITF-M regulation in melanoma cells might help to tightly control its expression in order to 
obtain levels fitting the chosen treatment modality. If we consider the proposed “rheostat” 
model of relationship between MITF-M dosage and functional outcome (Introduction, Fig. 8 
and 14), reactivation of MITF-M expression might lead to increased proliferation of 
melanoma cells, which could then become more sensitive to cytotoxic drugs targeting 
proliferating cells. Further, pushing MITF-M-positive melanoma cells to express even higher 
MITF-M levels might result in slower proliferation rate and higher expression of 
differentiation antigens, features suitable for immunotherapeutic approaches.  

Within the set of cytotoxic drugs, inhibitors of topoisomerases have been recently 
proposed to be used at low doses in combination with immunotherapy due to their capacity to 
enhance the expression of differentiation antigens, to increase the recognition of melanoma 
cells by cognate CTLs and to dampen regulatory T cells 648. Another recent study has assessed 
the effects of the ERK pathway inhibitors on the recognition efficiency of melanoma cells by 
CTLs649. Importantly, this study has emphasized that the effects of systemically used drugs on 
tumor and immune cells should not be considered in isolation from each other 649. Indeed, 
treatment of melanoma cells with the selective inhibitor of BRAFV600E, PLX4032, has led to 
increased expression of differentiation genes (MITF, MLANA, gp100, TYRP1, DCT) and 
enhanced recognition by antigen-specific CTLs, whose proliferation and function were not 
compromised by treatment with this inhibitor. In contrast, MEK inhibitors (such as U0126) 
had a similar effect on the expression of differentiation genes, but deleterious effects on 
proliferation and function of T cells, indicating that these drugs are not appropriate to 
combine targeted melanoma therapy and immunotherapy 649.  
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Whereas monotherapy with MEK inhibitors yielded modest response rates in clinical 
trials, clinical responses to PLX4032 have been achieved in up to 70% of patients harboring 
melanoma with BRAFV600E 3. The remarkable clinical activity of PLX4032 is encouraging, but 
a median duration of response was only about 8 months, suggesting the emergence of 
resistance through compensatory activity of alternative signaling pathways. Moreover, 
melanomas with wild-type BRAF, including those with mutant NRAS, are not appropriate for 
treatment with specific BRAF inhibitors, since they provoke increased CRAF activity as 
adverse effect 650. Therefore, a combination of BRAF/MAPK-targeted therapy with other 
signal transduction inhibitors, for instance NF-#B pathway inhibitors, has been proposed 4, 651.  

Much effort has been devoted to the development of highly specific pharmacological 
NF-#B inhibitors, which are increasingly being used in preclinical and clinical studies for the 
treatment of human malignancies, including melanoma 652, 653. Most of them exert their action 
on the IKK complex (mainly IKK"), on I#B! phosphorylation or on proteasome activity 251, 

654, 655. Recent preclinical data suggest that IKK" inhibition would be particularly beneficial in 
chronic inflammatory conditions 656. However, prolonged NF-#B inhibition can result in 
broad suppression of immunity and increased propensity for liver damage 366. Therefore, NF-
#B inhibition targeted to tumor cells would be desired to avoid immunosuppression and to 
enhance the sensitivity of melanoma cells to CTL-mediated lysis. The proof-of-concept for 
tumor-targeted NF-#B inhibition has been recently provided in vitro and in a xenograft 
melanoma model 657. For this purpose, a recombinant fusion protein of the natural inhibitor of 
intracellular NF-#B activity (I#B!) with a single-chain antibody targeting the high-molecular 
weight melanoma-associated glycoprotein gp240 657 has been used. Other approaches might 
include siRNA delivery to tumor cells using either systemic administration of siRNA-
containing nanoparticles 658 or shRNA-producing recombinant viruses with substituted ligands 
that would selectively target tumor-expressed receptors or other tumor surface molecules 659.  

Based on our in vitro data, we suggest that simultaneous inactivation of the NF-#B 
and JNK pathways would be deleterious to melanoma cells particularly in the conditions of 
the chronic exposure to inflammatory cytokines, namely IL-1. Many JNK inhibitors and 
several cell-permeable peptide inhibitors, such as JNKI1, which blocks interaction of JNK 
with its substrate, or BI-78D3, which interferes with JNK binding to the JNK-interacting 
protein 1 (JIP1) scaffold, have been developed and might be used in the clinic in the near 
future 537, 660. Local delivery or selective targeting of JNK inhibitors to melanoma cells would 
probably be more advantageous to avoid potential undesirable effects on immune cells 661. 
Thus, JNK inhibition has been shown to rescue CD8+ CTLs reactive to Melan-A-derived 
antigenic peptide from an activation-induced cell death, but has also interfered with the 
functional ability of CTLs to secrete IFN-$ 662. Strategies to modulate the tumor environment 
offer a complementary perspective, since signaling pathways aberrantly activated in stromal 
cells might be targeted by specific therapeutic approaches. 
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Our study of IL-1 production by melanoma cells pointed to the individuality in tumor-
immune system interactions and, consequently, indicated the possibility of personalized 
treatment. Thus, it might be beneficial to neutralize IL-1 activity in a group of advanced 
melanoma patients with markedly increased activation of the IL-1/IL-1R1 system 521, 564. 
Nevertheless, the possibility of therapeutically regulating IL-1 production must be thoroughly 
investigated in individual melanoma patients because of opposing activities of IL-1 in 
immunity and differential responses of melanoma cells to IL-1 463. If immunosuppressive 
effects of IL-1 are predominant, blocking the IL-1 activity might help to derepress antitumor 
immunity, which might then be reinforced by the immunostimulatory effects of IL-1. 
Therefore, cyclic rather than continuous treatment regimen with IL-1 blockers would likely be 
more efficient. If there is no evidence that tumor cells release IL-1!, whereas the IL-1" 
production is significant and is associated with the recruitment of immunosuppressive cell 
populations, anti-IL-1" monoclonal antibodies, such as canakinumab, might be used 663. 
Among other IL-1 blocking agents approved for treating chronic inflammatory diseases are 
rilonacept, an “IL-1 trap” fusion protein composed of the extracellular chains of IL-1R1 and 
IL-1RAcP with the Fc segment of IgG, and anakinra, recombinant IL-1Ra, which is used in 
ongoing National Institutes of Health trial as an anti-angiogenic therapy in patients with 
cutaneous melanoma 564. Although treatment with IL-1 blocking agents has been associated 
with the increase of bacterial non-opportunistic infections, no toxicity has been documented 
564. If there is no evidence of immunosuppressive activity of IL-1 in particular melanoma 
lesions, but counteracting its hypopigmenting activity is desirable in the course of 
immunotherapy, then the use of !-MSH might represent an alternative option. Indeed, the 
relevance of !-MSH/MC1R signaling has been shown not only for the induction of 
differentiation genes, but also for counteracting NF-#B signaling in melanoma cells and for 
inducing cytotoxic activity of CD8+ T cells, which harbor functional MC1R 664, 665. In addition, 
a derivative of the C-terminal part of !-MSH, a tripeptide KdPT (Lys-D-Pro-Thr), which is 
collinear with amino acids 193-95 of the human IL-1", has been shown to suppress IL-1"-
mediated NF-#B activation and induction of IL6 and IL8 expression, possibly via interaction 
with the third Ig-like C2 domain of IL-1R1 666. 

Numerous genomic, transcriptomic and proteomic studies show a high heterogeneity 
of melanoma tumors. This heterogeneity relies on genetic and epigenetic changes acquired in 
the course of melanomagenesis and on host background factors, such as gene polymorphisms. 
The resulting functional heterogeneity of melanoma cells, due to the interdependence and 
cross-talks between signaling pathways, might translate into distinct capacities to respond to 
spontaneous and immunotherapy-stimulated immunity. Therefore, defining the unique 
characteristics of a tumor together with the genetic background of a patient may lead to a 
personalized prediction of therapeutic outcomes and help segregate suitable candidates for 
immunotherapy, which may be combined with other targeted melanoma treatment regimens. 
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For instance, polymorphisms in genes encoding cytokine receptors 667 or MC1R as well as 
their expression levels are worth to be explored as potential predictive biomarkers since these 
parameters might ultimately affect the efficacy of immune intervention in specific subsets of 
patients. Further, transcriptomic high-throughput profiling of melanoma tissues and cell lines 
has uncountable value in determining predictive biomarkers for clinical benefit of treatment 
approaches as well as for therapeutic monitoring. Finally, antibody-based proteomic 
approaches, such as reverse-phase protein microarrays (RPPA), are a powerful tool to analyze 
signaling maps through the quantitative study of phosphorylation states of signaling pathway 
components in a small amount of formalin-fixed and paraffin-embedded (FFPE) tissues 668, 669. 
In addition, RPPA combined with laser capture microdissection 670 might allow to 
quantitatively analyze the protein phosphorylation patterns in tumor cells in different tissue 
contexts and to evaluate the expression of proteins giving rise to melanoma antigens. Besides 
its predictive therapeutic value, such functional profiling might indicate whether the 
combination of immunotherapy with selective inhibition of particular signaling pathways 
would be required to achieve a better therapeutic outcome.  

To uncover changes in the regulation of signaling and, consequently, their relevance 
for the choice of therapeutic strategies, it is important to determine not only whether a 
particular signaling pathway is constitutively active, but also to determine how the quality 
(magnitude and duration) of signaling responses differ in cancer cells. Thus, a failure of 
signal pathway components cannot be assessed without providing a signaling input, whereas 
potentially important differences in the activity of signaling networks cannot be measured by 
observing basal signaling alone. A clinically relevant signaling profile, for instance in 
response to cytokines, might be obtained by measuring the responsiveness of signaling 
networks in ex vivo melanoma cell suspensions. Determining the phenotypes of melanoma 
cells at a single cell level by flow cytometry 671 might be performed before and after induction 
of a particular signaling pathway. For instance, antibodies to differentiation antigens 649, to the 
IL-1R1 receptor and phospho-antibodies to components of the IL-1 signaling pathway might 
be used to predict the responsiveness of melanoma cells to IL-1 in the tumor environment. 

Given the apparently high and, at present, unpredictable degree of individuality in 
tumor-immune system interactions, optimization of the treatment regimens and their 
combinations according to the individual genetic background, genetic and epigenetic changes 
in melanoma cells, stage of melanoma progression and the state of melanoma-related 
inflammation might improve the therapeutic efficiency in a way to trigger antitumoral 
immune responses and to neutralize the pro-tumor actions of the chronic inflammation.  
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ABSTRACT

MAGE-A1 belongs to a family of 12 genes that are
active in various types of tumors and silent in normal
tissues except in male germ-line cells. The MAGE-
encoded antigens recognized by T cells are highly
tumor-specific targets for T cell-oriented cancer
immunotherapy. The function of MAGE-A1 is cur-
rentlyunknown.Toanalyze it,weattempted to identify
protein partners of MAGE-A1. Using yeast two-hybrid
screening, we detected an interaction between
MAGE-A1 and Ski Interacting Protein (SKIP). SKIP is
a transcriptional regulator thatconnectsDNA-binding
proteins to proteins that either activate or repress
transcription. We show that MAGE-A1 inhibits the
activity of a SKIP-interacting transactivator, namely
theintracellularpartofNotch1.Deletionanalysisindic-
ated that this inhibition requires thebindingofMAGE-
A1 toSKIP.Moreover,MAGE-A1was found to actively
repress transcription by binding and recruiting his-
tone deacetylase 1 (HDAC1). Our results indicate
that by binding to SKIP and by recruiting HDACs,
MAGE-A1 can act as a potent transcriptional repres-
sor. MAGE-A1 could therefore participate in the set-
ting of specific gene expression patterns for tumor
cell growth or spermatogenesis.

INTRODUCTION

The gene MAGE-A1 was identified because it encodes a
human melanoma antigen recognized by cytolytic T lympho-
cytes (1). It belongs to a family of 12 genes, the MAGE-A
cluster located on the X chromosome in region q28 (2). The
MAGE-A genes are expressed in tumors of various histological
types (1,3,4), but they are silent in normal adult tissues except
in male germ-line cells (5–7).

A search for the gene responsible for the sex-reversal pheno-
type led to the identification of a second cluster of MAGE
genes, MAGE-B, located in Xp21.3 (8–11). A third cluster,

MAGE-C, was identified and located in Xq26–27 (11,12). The
expression pattern of the MAGE-B and C genes is similar to
that of the MAGE-A genes.

In contrast to the MAGE-A, B and C genes, two genes
constituting a distantly related fourth cluster, MAGE-D,
were found to be expressed in many normal tissues (13,14).
Additional MAGE genes families with such a ubiquitous
expression pattern, MAGE-E to L, were identified through
database screening (15).

By comparing the sequences of all the MAGE proteins, we
identified a stretch of !200 amino acids which was named the
‘MAGE conserved domain’ (15). The rest of the protein
sequences vary widely from one family to another.

The function of protein MAGE-D1 has been partially
elucidated. The rat protein NRAGE (neurotrophin receptor-
interacting MAGE homolog), the ortholog of human MAGE-
D1 and mouse Dlxin-1, was found to bind to the cytosolic
domain of the p75 neurotrophin receptor (p75NTR) (16).
Upon binding, NRAGE prevents the formation of a complex
between p75NTR and tyrosine kinase receptor TrkA. This
retards cell cycle progression and initiates an apoptotic cas-
cade leading to neuronal cell death (16,17). In agreement with
these data, NRAGE and p75NTR are co-expressed in a region
of the developing nervous system where p75NTR mediates
developmental apoptosis. In addition, NRAGE was found
recently to induce apoptosis through interaction with the
axon guidance receptor, UNC5H1 (18). On the other hand,
Dlxin-1, the murine ortholog of NRAGE, exerts a function in
the nucleus: it acts as a transcriptional activator of Dlx5, a
homeodomain protein of the Dlx family that plays a critical
role in skeletal development (19). This transcriptional function
may be regulated by the tyrosine kinase receptor, Ror2 since
this receptor appeared capable of sequestering Dlxin-1 at the
plasma membrane and endoplasmic reticulum (20).

Computer search of the Protein Sequence Database revealed
that MAGE proteins display a weak similarity with necdin
because it also contains a ‘MAGE conserved domain’. The
murine necdin gene (Ndn) is highly expressed in post-mitotic
neurons in the brain stem and hypothalamus (21,22). Mice
deficient in necdin show early postnatal lethality due to res-
piratory distress and hypotonia, as observed in Prader–Willi
syndrome (23–25). Necdin seems to act as a neuron-specific
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post-mitotic growth suppressor, functionally similar to the
retinoblastoma suppressor protein, Rb. Ectopic expression
of Ndn suppresses proliferation of NIH/3T3 fibroblasts and
colony formation of SAOS-2 osteosarcoma cells (26,27).
Necdin interacts with the E2F1 and p53 transcription factors,
repressing their transcriptional activity (27,28). Furthermore,
necdin associates with the p75 neurotrophin receptor (29).
These observations suggest that necdin induces cell cycle
arrest and controls neuronal apoptosis through interactions
with E2F1 and p75NTR (30).

The functions of the MAGE-A group of proteins, which are
present only in tumor and germ-line cells, are largely
unknown. MAGE-A4 has been identified as binding to gan-
kyrin, an abundant protein in hepatocellular carcinomas (31).
This protein has been reported to associate with Rb and to
compete with p16 for binding to cyclin-dependent kinase
CDK4, increasing both the phosphorylation and degradation
of Rb. MAGE-A4 was shown to suppress both anchorage-
independent growth in vitro and tumor formation of gankyrin-
expressing cells in nude mice. Interaction with gankyrin was
not observed for proteins MAGE-A1, MAGE-A2 and MAGE-
A12 (31).

The subcellular localization of MAGE-A proteins seems to
vary from one member of the family to another. MAGE-A1
and MAGE-A3 were reported to be located in the cytosol of
melanoma cells (32–34). MAGE-A1 and MAGE-A4 have
beendetected inboth thecytoplasmandthenucleusofspermato-
gonia (7). MAGE-A10 and MAGE-A11 have been shown to
be located predominantly in the nucleus of tumor cells (35,36).
MAGE-A proteins may exert different functions according to
their subcellular localizations. To gain insight into MAGE-A
functions, we used the yeast two-hybrid system to identify
protein partners of MAGE-A1.

MATERIALS AND METHODS

Plasmids

Yeast expression plasmids. Plasmids pGBT9 and pAS2-1
encoding the Gal4(1–147) DNA-binding domain, pACT2
and pGAD424 encoding the Gal4(768–881) activation
domain, pTD1 encoding SV40 large T antigen (84–708)
and pVA3 encoding mouse p53 (72–390) were purchased
from Clontech. The MAGE-A1 open reading frame (ORF)
and truncated versions of the MAGE-A1 ORF were obtained
by PCR amplification with native Pfu DNA polymerase (Stra-
tagene). The PCR products were cloned in frame with the Gal4
DNA-binding domain sequence of pGBT9 or pAS2-1. The
MAGE-A1 ORF was excised from pGBT9 and subcloned
in frame with the Gal4 activation domain of pGAD424. A
BamHI/BglII fragment carrying the Ski Interacting Protein
(SKIP)-coding region was isolated from the pACT2 plasmid
and ligated into the BamHI site of pGBT9 in frame with the
Gal4 DNA-binding domain. The human testis cDNA library in
pACT2 was purchased from Clontech.

Eukaryotic expression plasmids. Expression vectors encoding
the Gal4(1–147) DNA-binding domain (GH250), Gal4
(1–147)–SKIP (JH274) and the full-length cytoplasmic
domain (amino acids 1747–2531) of rat Notch1-IC (pBOS-
FCDN1) were provided by Diane Hayward (Johns Hopkins
University School of Medicine, Baltimore, MA) (37). The

reporter plasmid 5xGal4TK-CAT was also obtained from
Diane Hayward. Expression vectors for Luciferase (pTKluc)
and Gal4(1–147) fused to the activation domain of HNF-6
(Gal4BD Nterm) were provided by F.Lemaigre (Hormone
and Metabolic Research Unit, Universit!ee Catholique de Lou-
vain and Institute of Cellular Pathology, Brussels). The
pcDNAI/Amp expression vector carrying a complete
MAGE-A1 cDNA (pcDNAI/Amp-M1) was provided by
C.Lurquin (Ludwig Institute, Brussels).

The sequence encoding a 9 amino acid hemagglutinin (HA)
epitope tag (YPYDVPDYA) was obtained by PCR on vector
pACT2 with primers LAD 31: 50-CGGGATCCGACTATGG-
CTTACCCATAC-30 and LAD32: 50-CGGAATTCGAGCG-
TAATCTGGAAC-30. The PCR product was digested with
restriction enzymes BamHI and EcoRI. An EcoRI/XhoI frag-
ment carrying the SKIP coding region was excised from the
pACT2 plasmid and ligated with HA into the BamHI/XhoI
sites of pcDNAI/Amp, placing the SKIP-coding region in
frame with (and downstream of) the HA epitope. MAGE-
A1 ORF was excised from plasmid pGBT9 and cloned in
frame with the Gal4 DNA-binding domain of GH250.

Vectors expressing deleted versions of MAGE-A1 were
obtained by cloning PCR products obtained with native Pfu
DNA polymerase in vector pcDNAI/Amp digested with
HindIII and XhoI. The deleted MAGE-1 ORFs were inserted
between their native 50- and 30-untranslated regions obtained
by PCR. The deleted ORF encoding MAGE-A11–279 and the
50-untranslated region were obtained by PCR on vector
pcDNAI/Amp-M1 with primers LAD 108 (forward):
50-CCCAAGCTTCCATTCTGAGGGACG-30 and LAD14
(reverse): 50-GCGGATCCTCAGACTTTCACATAGCTGG-
TTTC-30. The 1040 bp product was digested with HindIII
and BamHI and ligated to a 540 bp fragment corresponding
to the 30-untranslated region. This fragment was obtained by
PCR with primers LAD 110 (forward): 50-CGGGATC-
CGCATGAGTTGCAGCCA-30 and LAD 111 (reverse):
50-CCGCTCGAGACAGGAAGAATTCTTTA-30 and was
digested with BamHI and XhoI. The ORF encoding
MAGE-A199–309 and the 30-untranslated region were obtained
with primers LAD 112 (forward): 50-CGGGATCCGTCAT-
CATGCGAGCAGTAATCA-30 and LAD 111 (reverse). The
1170 bp product was digested with BamHI and XhoI and
ligated to a 200 bp fragment corresponding to the 50-untrans-
lated region. This fragment was obtained by PCR with LAD
108 (forward): 50-CCCAAGCTTCCATTCTGAGGGACG-30

and LAD 109 (reverse): 50-CGGGATCCTCTCGTCAGGG-
CAGCA-30 and digested with HindIII and BamHI. The ORF
encoding MAGE-A199–279 was obtained by PCR with primers
LAD 112 (forward) and LAD14 (reverse). The 540 bp product
was digested with BamHI and ligated to both the 200 bp
fragment corresponding to the 50-untranslated region and
the 540 bp fragment corresponding to the 30-untranslated
region.

pcDNA3-HDAC1-F, pING14A-HDAC1 and the reporter
construct (Gal4)4–tkLuc have been described previously
(38,39).

Yeast two-hybrid assays

Plasmid DNA was transformed into yeast cells using the
lithium acetate method and the Clontech’s protocol.
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DNA of plasmid pAS2-1/MAGE-A1 was cotransformed with
DNA of the testis cDNA library into yeast strain CG-1945
(Clontech). Transformed His+ CG-1945 cells were selected
onto medium lacking histidine ("His). In our conditions, 5
mM 3-aminotriazole (3-AT), a chemical inhibitor of
imidazoleglycerolphosphate dehydratase (HIS3) which
restores histidine auxotrophy, was always required in the
"His medium. It completely abrogated the growth of yeast
cells containing only plasmid pAS2-1/MAGE-A1. His+ colo-
nies were grown in 5 ml "His liquid medium to eliminate
some false positives. Plasmids isolated from His+ colonies
were then transferred in Y190 yeast strain (Clontech). This
strain has a higher LacZ reporter expression. Transformed His+

Y190 cells were assayed for b-galactosidase with O-nitrophe-
nyl b-D-galactopyranoside (ONPG) as substrate according to a
Clontech’s protocol. b-Galactosidase units were calculated as
in the Clontech’s protocol. To obtain more reproducible values
in theb-galactosidase assays, plasmidDNAofHis+LacZ+ yeast
colonies was isolated and transformed with the pGBT9/
MAGE-1 construct into yeast strain PJ69-4A, a kind gift of
Philip James (40). This strain contains three reporter genes
(HIS3, ADE2 and LacZ), each driven by a different promoter
(GAL1, GAL2 or GAL7 promoter) inducible by the Gal4
transcription factor. According to a protocol sent out by Philip
James with the strain, transformed PJ69-4A cells were first
selected on medium lacking histidine in the presence of 1
mM 3-AT. His+ colonies were then plated on amedium lacking
adenine to screen for the ADE2marker. Finally, liquid cultures
of His+Ade+ colonies were assayed for b-galactosidase.

Sequence analysis

Sequencing was performed using the dideoxy-mediated chain
termination method with the BigDye Terminator Cycle
sequencing kit and an ABI Prism 310 genetic analyser
(Applied Biosystems).

Co-immunoprecipitations and western blot analysis

COS-7 cells seeded at 106 cells per 10 cm diameter culture
dish were transiently transfected with 8 mg of expression plas-
mid and 48 ml of LIPOFECTAMIN reagent (Invitrogen).
Approximately 48 h after transfection, cells were washed
with phosphate-buffered saline (PBS) and lysed for 30 min
on ice in 1 ml of ice-cold NP-40 lysis buffer [150 mM NaCl,
1% NP-40, 50 mM Tris–HCl, pH 8.0, and 1/50 per milliliter of
a protease inhibitor cocktail tablet (Complete, Roche) in PBS].
For the co-immunoprecipitation of HA–SKIP with the trunc-
ated forms of MAGE-A1, cells were lysed in DH buffer
(0.1% sodium dodecyl sulfate, 1% sodium deoxycholate,
0.5% NP-40 and 1/50 per milliliter of a protease inhibitor
cocktail tablet in PBS). The cell extract was clarified by cen-
trifugation for 10 min at 12 000 g at 4#C in a Sigma 1K15
microcentrifuge. The supernatant was preincubated for 3 h at
4#C with 50 ml of a protein G-agarose suspension (Roche) on a
rocking platform. Beads were pelleted by centrifugation for
20 s at 12 000 g. Precleared lysate was incubated at 4#C for 1–2
h on a rocking platform with 5 ml of polyclonal anti-MAGE-
A1 serum LBK7-2 [a goat K7 serum directed against the
recombinant MAGE-A1 (1–309) protein made by Chiron].
A mixture of 5 ml of polyclonal anti-MAGE-A1 serum

LBK7-2 and 100 ml of monoclonal anti-MAGE-A1 antibody
supernatant 6C1 (a gift of Donata Rimoldi, LICR Lausanne)
(41), was used in the co-immunoprecipitation of HA–SKIP
with the truncated forms of MAGE-A1. Fifty microliters of
protein G-agarose were added to the cell extract and the mix-
ture was incubated for 3–12 h at 4#C on a rocking platform.
The beads were then washed 4 to 5 times with 1 ml of DH
buffer and mixed with 50 ml of gel-loading buffer. Samples (10
ml) were subjected to electrophoresis using a 10% denaturing
polyacrylamide gel. For the co-immunoprecipitation of HA–
SKIP with MAGE-A1, western blot analysis was performed
using anti-HA high-affinity rat monoclonal antibody (1/1000)
(Roche), sheep anti-rat IgG-biotin F(ab0)2 fragments (1/400)
(Roche), streptavidin–horseradish peroxidase (HRP) conjugate
(1/2500) (AmershamPharmaciaBiotech) and theECLWestern
Blotting Detection Reagents (Amersham Pharmacia Biotech).
Alternatively, western blot analysis was performed using the
anti-MAGE-A1 6C1 hybridoma supernatant (one-half to
one-fiftieth) and the goat anti-mouse IgG–HRP (1/2000) (BD
Transduction Laboratories).

For the co-immunoprecipitation of histone deacetylase 1
(HDAC1) with MAGE-A1, COS cell lysates in 100 mM
Tris–HCl, pH 7.4, 10% glycerol, 0.5% NP-40 and 1/50 per
milliliter of a protease inhibitor cocktail tablet were incubated
with 5 ml of pre-immune or 5 ml of polyclonal anti-MAGE-A1
goat serum, as described above. Immunoprecipitates were
washed 4 times with 500 ml of IPH buffer (50 mM Tris–
HCl, pH 8, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40 and
1/50 per milliliter of a protease inhibitor cocktail tablet).
Western blots of the immunoprecipitates were analyzed either
with the anti-MAGE-A1 6C1 antibody as above or with the
anti-HDAC1 mouse monoclonal antibody (clone 2E10,
Upstate) (1/2000), the goat anti-mouse IgG–HRP (1/2000)
(Santa Cruz Biotechnology) and the Supersignal West Pico
chemiluminescent substrate (Pierce).

Cell culture, transfection, CAT and luciferase assays

HeLa cells were maintained in DMEM plus 10% fetal calf
serum and plated at 1.2 · 105 cells per well in 12-well plates
(Nunc) 1 day prior to transfection. Cells were transfected using
LIPOFECTIN and PLUS Reagent (Invitrogen). Cells received
0.25 mg of the expression plasmid encoding Gal4(1–147)-
SKIP, Notch1-IC, Gal4(1–147), MAGE-A1 (intact or deleted),
0.4 mg of the 5xGal4TK-CAT reporter plasmid and 0.5 mg of
pTKluc plasmid as an internal control for transfection effi-
ciency. Plasmid DNA was purified with the Endofree Plasmid
Maxi kit (Qiagen). At 48 h after transfection, cells were
washed twice with PBS, lysed in 100 ml of Reporter Gene
Assay Lysis Buffer (Roche) for 15 min at 4#C. Cell debris
were removed by centrifugation for 2 min at maximum speed
at 4#C. For luciferase assays, 40 ml of cell lysate were loaded
into a luminometer TD20/20 (Promega) and reaction was
started by addition of 100 ml of Luciferase Assay Reagent
(Roche) and chemiluminescence was counted for 12 s. For
chloramphenicol acetyltransferase (CAT) assays, 40 ml of cell
lysate were incubated for 5 min at 65#C to destroy deacetyl-
ases. The test was then performed in 1.5 ml translucent, color-
less, microcentrifuge tubes with the Quan-T-CAT assay
system, as recommended by Amersham Pharmacia Biotech.
Each experiment was repeated at least twice.
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Transfected HeLa cells were separated into nuclear and
cytosolic fractions using the Nuclear/Cytosol fractionation
kit (BioVision). They were analyzed by western blotting
with the following antibodies: anti-MAGE-A1 clone 6C1,
anti-HDAC1 clone 2E10 (Upstate) and anti-a-Tubulin clone
B-7 (Santa Cruz Biotechnology, 1/2000).

Monolayer cultures of U2OS human osteosarcoma cells
were maintained in DMEM supplemented with 10% fetal
calf serum at 37#C in 5% CO2 atmosphere. Twenty-four
hours after plating, the exponentially growing U2OS cells
were transfected with polyethylene imine (PEI) (Euromedex).
All transfections were carried out with the same total amount
of DNA (1 mg). Four hours after transfection, the cells were
washed once in PBS and recovered with fresh medium. After
24 h of incubation, luciferase assays were performed with the
Promega luciferase Assay System according to the manufac-
turer’s instructions. Transfection efficiencies were normalized
using a cotransfected plasmid encoding b-galactosidase. For
trichostatin A (TSA) treatment, U2OS cells were transfected
with the (Gal4)4–tkLuc reporter and a vector encoding Gal4bd/
MAGE-A1, and incubated for an additional 24 h, either in the
presence or absence of TSA (100 nM; Waco BioProducts)
before harvesting. Luciferase assays were then performed as
described above.

MBP fusions proteins, in vitro translations and
pull-down assays

The vector expressing a fusion protein of maltose-binding
protein (MBP) with MAGE-A1 was constructed by ligating a
BamHI/EcoRI fragment carrying the MAGE-A1 coding
region isolated from the pGBT9 plasmid into vector
pMAL-C2 (New England Biolabs). For in vitro transcription
and translation, we used the following constructs: pcDNA3.1-
Myc HDAC1-F and pcDNA3.1MycHis HDAC4. We
expressed MBP and MBP fusion proteins in Escherichia
coli TOP 10F0 (Invitrogen) and proteins from crude bacterial
lysates were purified using Amylose resin (New England
BioLabs) according to the manufacturer’s instructions.
In vitro transcription/translation was performed using the
TNT system (Promega). MBP pull-down experiments were
performed essentially as described previously (42).

RESULTS

MAGE-A1 interacts with SKIP in yeast cells

To identify proteins interacting with MAGE-A1, we used a
yeast two-hybrid system with reporter genes controlled by the
Gal4 transcription factor. The bait was protein MAGE-A1
fused to the Gal4 DNA-binding domain (Gal4bd). It was
obtained by cloning the full-length ORF of MAGE-A1 into
vector pAS2-1, which produces a high level of fusion protein.
The preys, fused with the Gal4 transcriptional activation
domain (Gal4ad), were produced from a human testis
cDNA library prepared in vector pACT2. The first round of
screening was conducted in yeast strain CG-1945 which con-
tains reporter gene HIS3 controlled by Gal4, using medium
deficient in histidine. Since Gal4bd/MAGE-A1 exerted a cer-
tain degree of transactivation on its own, selection occurred in
the presence of 5 mM 3-aminotriazole to increase histidine

dependence. Under these conditions, no colonies were
observed with pAS2/MAGE-A1 alone. From approximately
7 · 105 yeast transformants, nine His+ colonies were
recovered.

For the second round of screening, pACT2 plasmids were
isolated from the His+ colonies and tested for their ability to
encode proteins interacting with Gal4bd/MAGE-A1 produced
by vector pGBT9 at a much lower level than by vector pAS2-1.
This screening used a yeast strain in which gene LacZ is
controlled by Gal4. One plasmid was repeatedly positive.
Interaction was conserved when the testis/Gal4ad and
Gal4bd/MAGE-A1 associations were switched. The positive
clone contained a 2.1 kb cDNA including the complete ORF of
gene SKIP, also designatedNcoA-62 (Nuclear receptor coactiv-
ator; 62 kDa) (43,44). This gene codes for an adaptor protein
involved in transcription regulation.

The b-galactosidase activity was reproducibly 2 to 6 times
higher in cells co-expressing Gal4bd/MAGE-A1 and Gal4ad/
SKIP than in cells expressing Gal4bd/MAGE-A1 or Gal4ad/
SKIP alone (Table 1 and Figure 1). To identify in the 309
amino acids MAGE-A1 protein the region that interacted with
SKIP, constructs were prepared that coded for truncated ver-
sions of MAGE-A1 fused to Gal4bd (Figure 1). A comparison
of MAGE-A11–295 (amino acids 1–295) and the complete
MAGE-A11–309 indicated that the negatively charged region
composed of the 14 C-terminal residues of MAGE-A1 is
required for SKIP interaction. The ability of MAGE-A1 to
autonomously stimulate the reporter gene was lost when
amino acids 279–295 were deleted.

MAGE-A1 interacts with SKIP in mammalian cells

To verify the interaction observed in yeast, we used a
co-immunoprecipitation approach in mammalian cells. To
this end, the simian COS-7 cells were cotransfected with
vectors expressing MAGE-A1 and SKIP. The latter was
tagged with an influenza HA epitope. Immunoprecipitations
were carried out on cell extracts with an anti-MAGE-A1
antiserum, followed by western blotting using an anti-HA
antibody. As shown in Figure 2, MAGE-A1 interacted speci-
fically with SKIP.

Using constructs producing truncated forms of MAGE-A1,
we found that MAGE-A199–309 also coprecipitated with
HA–SKIP (Figure 3A, lane 7), whereas MAGE-A11–279 and
MAGE-A199–279 did not (Figure 3A, lanes 5 and 9). These
results indicated that the C-terminal region of MAGE-A1 was
required for the interaction with SKIP in mammalian cells as
well as in yeast.

Table 1. In vivo interaction of MAGE proteins with SKIP

Ga14bd fusions Ga14ad fusions b-Gal activity

MAGE-A1 — 8.8
— SKIP 0.8
MAGE-A1 SKIP 52.1
p53 SV40 T 123.6

Yeast PJ69-4A cells were transformed with vectors expressing Gal4 DNA-
binding domain (Gal4bd) andGal4 activation domain (Gal4ad) fusion proteins.
b-Galactosidase activity was quantified using liquid cultures. Interaction
between murine p53 and SV40 large T antigen was taken as a positive control.
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MAGE-A1 counteracts Notch1-IC-mediated
transactivation

Having shown the association of MAGE-A1 with SKIP, we
wished to assess its functional consequences. SKIP has been
described to be involved in the Notch1 signaling pathway.
Notch1 is a transmembrane receptor that mediates intercellular
communications and directs cell fate decisions during

development. Ligand binding to Notch1 induces an intramem-
brane proteolytic cleavage that releases the intracellular
domain of the receptor, Notch1-IC, which then enters the
nucleus and regulates the expression of a number of genes.
One of the DNA-binding proteins that interact with Notch1-IC
is the C-promoter binding factor 1 (CBF1) (45). In the absence
of Notch1-IC, CBF1 inhibits transcription by binding SKIP
and the SMRT–corepressor complex which contains HDACs
(Figure 4) (37). Repression is relieved by the presence of
Notch1-IC, which binds to SKIP and CBF1, displaces the
repression complex and activates transcription by recruiting
histone acetyltransferases (HATs) and also coactivators such
as Mastermind (Mam), which stabilizes the complex of
Notch1-IC and CBF1 (37,46,47).

We examined whether MAGE-A1 could interfere with the
SKIP-dependent transcriptional activity of Notch1-IC. Tran-
sient transfection into HeLa cells of a plasmid encoding a
Gal4bd/SKIP fusion protein together with a CAT reporter
gene containing Gal4 DNA-binding sites near its promoter,
led to transcriptional repression of the low level of expression
observed with the reporter gene alone (Figure 5A). As shown
previously (37), when Gal4bd/SKIP was cotransfected with
Notch1-IC, a considerable increase in transcription was
observed, whereas in the absence of Gal4bd/SKIP, the effect
of Notch1-IC was negligible. Finally, when we cotransfected
MAGE-A1 together with Gal4bd/SKIP and Notch1-IC, this
led to significant transcriptional repression. Increasing the
amount of Notch1-IC with a constant amount of MAGE-A1
gradually increased the expression of the CAT reporter, but
even at the highest dose of transfected Notch1-IC plasmid,
repression by MAGE-A1 remained efficient (Figure 5A).

Conversely, MAGE-A1 repressed transcription of the
reporter activated by Gal4bd/SKIP and Notch1-IC in a
dose-dependent manner (Figure 5B). This was not due to an
autonomous non-specific repressor activity of MAGE-A1, as
we did not observe a dose-dependent repression when the
same promoter was activated by Gal4bd fused to the activation
domain of HNF-6 in the presence of increasing amounts of
MAGE-A1 (Figure 5C).

Figure 2. Immunoprecipitation of MAGE-A1 and HA–SKIP. Approximately
2 · 106 COS-7 cells were transiently transfected with HA–SKIP (lanes 1, 3 and
5) and MAGE-A1 expression plasmids (lanes 3 and 4). Cell extracts were
incubated with an anti-MAGE-A1 polyclonal antibody. One-hundredth of
whole cell lysate of SKIP-positive cells (lane 1) and immune complexes
were separated by SDS–polyacrylamide gel electrophoresis, blotted and
probed with an anti-HA antibody. HA–SKIP has already been observed as
two bands of !66 and 55 kDa in COS cells (44).

Figure 1. Interaction between deleted forms ofMAGE-A1 and SKIP in the yeast two-hybrid system. TruncatedMAGE-A1 sequences were inserted in vector pGBT9
and SKIP in vector pACT2. These constructs were transformed in yeast PJ69-4A cells. b-Galactosidase activity was quantified using liquid cultures. Results are
presented as mean – S.D. of n tests. CoRNR box (L/I-x-x-I/V-I) involved in interactions with nuclear hormone receptors is found in nuclear corepressors like SMRT
and N-CoR (61).

4344 Nucleic Acids Research, 2004, Vol. 32, No. 14



To determine the cellular localization of the exogenous
MAGE-A1, cell fractionation experiments were performed
on transfected HeLa cells. These experiments revealed that
cytosolic expression of MAGE-A1 was predominant, but that
a significant fraction of MAGE-A1 was present in the nucleus
(Figure 5D). We could not detect Notch1-IC on these immuno-
blots. This was not unexpected since Notch1-IC is known to be
instable and to act at very low nuclear concentrations (48).
However, in COS cells transfected in exactly the same
conditions as the HeLa cells of Figure 5B, we found that
transfected Notch1-IC was expressed and that the levels of
Notch1-IC did not decrease when the amounts of MAGE-A1
in the cell increased (data not shown).

To determine the region of MAGE-A1 that is required for
the inhibition of Notch1-IC-mediated transactivation, we
tested deleted forms of MAGE-A1 in the reporter assay.

Figure 3. Binding of HA–SKIP to truncated forms of MAGE-A1 in mammalian cells. Approximately 2 · 106 COS-7 cells were transiently transfected with a
HA–SKIP expression plasmid (lanes 3, 5, 7, 9 and 10) and with plasmids expressing intact or deleted forms of MAGE-A1: wild-type MAGE-A1 (WTMAGE-A1)
(lanes 2 and 3), MAGE-A11–279 (lanes 4 and 5), MAGE-A199–309 (lanes 6 and 7), MAGE-A199–279 (lanes 8 and 9). Half of each cell lysate was immunoprecipitated
with a mixture of a polyclonal anti-MAGE-A1 antibody and a monoclonal anti-MAGE-A1 antibody [(A,C) lanes 1–7] or only the polyclonal anti-MAGE-A1
antibody [(A,C) lanes 8–10]. Immune complexes (A,C) or one-hundredth of whole cell lysates (B) used for immunoprecipitation were separated by SDS–PAGE,
blotted and probedwith amonoclonal anti-HAantibody (A,B) orwith amonoclonal anti-MAGE-A1 antibody (C). Bandsmarked as Ig display the light and the heavy
chains of the immunoglobulins used for the immunoprecipitation.

i) ii)

Figure 4. Transactivation by the intracellular part of Notch. Model for Notch1-
IC activation on the HES (Hairy/Enhancer of Split) promoter regulated by
CBF1 according to Zhou et al. (37). (i) The SMRT–corepressor complex
containing HDAC binds to SKIP; (ii) Notch1-IC interacts with SKIP and
CBF1, displaces the SMRT–corepressor complex and activates the
transcription of the HES genes through the recruitment of Mastermind
(Mam) and HATs.
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MAGE-A199–309 reduced Notch1-IC transactivation by a fac-
tor of about 30, whereas MAGE-A11–279 or MAGE-A199–279
had no significant effect (Figure 5E). As the MAGE-A1
C-terminus mediates the binding to SKIP (Figures 1 and 3),
this suggests that the repression of Notch1-IC transactivation
requires an interaction between SKIP and MAGE-A1.

As reported previously, Gal4bd/SKIP repression is likely to
be due to recruitment of the SMRT–HDAC repressor complex
whereas Notch1-IC upregulation is caused by Notch1-IC com-
petition with the SMRT–corepressor complex and recruitment
of coactivators (Figure 6) (37,49). Our experiments indicate
that, by binding to SKIP MAGE-A1 inhibits Notch1-IC trans-
activation. MAGE-A1 could achieve this inhibitory effect
either by displacing Notch1-IC from SKIP or by masking
Notch1 sites which bind transcriptional coactivators while
leaving Notch1-IC attached to SKIP. A third possibility

would be that, after binding to SKIP MAGE-A1 functions
as an active repressor.

MAGE-A1 recruits deacetylase HDAC1

We investigated whether MAGE-A1 had the ability to repress
transcription upon binding autonomously to the promoter. To
this end, we transiently transfected cells with a Gal4bd/
MAGE-A1 construct together with a luciferase reporter
gene driven by a tk promoter preceded by four Gal4 DNA-
binding sites. MAGE-A1 inhibited transcription in a dose-
dependent manner when linked to the Gal4 DNA-binding
domain (Figure 7A). This suggests that MAGE-A1 can auto-
nomously repress transcription.

Active repression of transcription can be mediated
through recruitment of HDAC, resulting in nucleosome

Figure 5.MAGE-A1 prevents Notch1-IC transactivation. (A) An aliquot of 0.25 mg of an expression vector encoding Gal4bd, Gal4bd/SKIP, Notch1-IC or MAGE-
A1 was transfected into HeLa cells together with 0.4 mg of the 5xGal4TK-CAT reporter plasmid. CAT activities measured on cell lysates were normalized to the
luciferase activity obtained by transfecting 0.5 mg of pTKluc. The amount of DNAwas kept constant at 1.65 mg by adding an irrelevant pcDNAI/Amp recombinant
plasmid. Data are means of duplicates. (B) Relative CAT activitymeasured in HeLa cells transfected with the 5xGal4TK-CAT reporter (0.4 mg), increasing amounts
(0.25–0.75 mg) of the expression vector coding for MAGE-A1 and the vectors producing Gal4bd/SKIP (0.25 mg) and Notch1-IC (0.25 mg). Data are means of
triplicates. Comparable total amounts of DNA were transfected. (C) Relative CAT activity measured in HeLa cells transfected with the 5xGal4TK-CAT reporter
(0.4 mg), increasing amounts (0.25–0.75 mg) of the expression vector coding for MAGE-A1 and a vector encoding Gal4bd fused to the activation domain of HNF-6
(0.25 mg). Data are means of quadruplicates. Comparable total amounts of DNAwere transfected. (D) Cellular localization of MAGE-A1 in transfected HeLa cells.
Transfections were performed as described in Figure 5B. Nuclear and cytosolic extracts were analyzed by western blotting for the presence of MAGE-A1 with the
6C1 monoclonal antibody. Purity of the fractions was evaluated by incubating the western blot with antibodies against HDAC1 (a nuclear localized protein) and
a-tubulin (a cytoplasmic localized protein). Molecular weights in kiloDaltons are indicated on the right. (E) Repression of Notch1-IC transactivation requires that
MAGE-A1 binds to SKIP. An aliquot of 0.25 mg of a vector producing Gal4bd/SKIP, Notch1-IC, wild-type MAGE-A1 (WT MAGE-A1) or deleted versions of
MAGE-A1 (twoclones per construct) togetherwith 0.4mgof the 5xGal4TK-CAT reporter plasmidwere transfected intoHeLa cells.Data aremeans of quadruplicates
for each MAGE-A1 construct.
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remodeling (50). To test whether MAGE-A1 may repress
transcription through HDAC, we incubated cells expressing
Gal4bd/MAGE-A1 with the HDAC inhibitor, TSA. This
resulted in a significant relieve of MAGE-A1-mediated
transcriptional repression (Figure 7B).

We, therefore, examined whether MAGE-A1 could associ-
ate with HDAC1 and/or HDAC4 that belong to Class I and
Class II HDAC, respectively. To this end, we performed
in vitro pull-down experiments using a MBP–MAGE-A1
fusion protein produced in E.coli and in vitro translated
35S-labelled HDAC1 and HDAC4. As shown in Figure 7C,
MBP–MAGE-A1 bound specifically to full-length HDAC1
(lane 3) whereas MBP alone did not (lane 2). No binding
was observed with HDAC4 (Figure 7C).

We then examined whether the association between
MAGE-A1 and HDAC1 could occur in vivo, in COS cells
that were transiently transfected with HDAC1 and MAGE-
A1 expression plasmids. MAGE-A1 was immunoprecipitated
with the anti-MAGE-A1 goat serum. Co-immunoprecipitated
HDAC1 was detected by western blotting using an anti-
HDAC1 antibody (Figure 7D, lane 3). No HDAC1 was
detected when a goat preimmune serum was used to immuno-
precipitate the lysate (Figure 7D, lane 2).

Finally, we tested the functional relevance of the interaction
between MAGE-A1 and HDAC1 by using transient transfec-
tion of a reporter gene containing Gal4 DNA-binding sites and
a construct expressing a Gal4bd/MAGE-A1 fusion protein. In
this assay, we used a limiting amount of Gal4bd-MAGE-A1
that moderately repressed luciferase activity. Cotransfection of
Gal4bd/MAGE-A1 with HDAC1 synergistically enhanced
transcriptional repression (Figure7E), indicatinga co-operative
effect ofMAGE-A1 andHDAC1. Taken together, these experi-
ments strongly suggest that MAGE-A1 can actively repress
transcription through the recruitment of HDAC1.

DISCUSSION

Our results indicate that MAGE-A1 interacts with transcrip-
tional regulator SKIP, through its C-terminal part. In line with
these results, we observed that MAGE-A4, the only other
MAGE in which this region is conserved, also binds to
SKIP, whereas MAGE-A10 and MAGE-D2, which display
different C-terminal parts, do not bind to SKIP in the yeast
two-hybrid system (data not shown).

SKIP intervenes in signaling pathways involving vitamin D,
retinoic acid, estrogens, glucocorticoids, Notch1-IC and

TGF-b (37,43,51,52). It can have either an activator or repres-
sor role in transcription because it is an adaptor protein that
connects DNA-binding proteins such as Smad3, the vitamin D
receptor, CBF1 or MyoD, to proteins that activate or repress
transcription. For example, the steroid receptor coactivator
(SRC), which has a HAT activity, forms a ternary complex
with SKIP and the liganded vitamin D receptor (51,53). Ski,
the protein that was used as bait to fish SKIP, similarly binds to
the DNA-binding protein Smad and recruits a repression com-
plex including HDAC (54).

Another repression complex was shown to bind to SKIP
and CBF1 (37). In the presence of Notch1-IC, the repression
complex is detached from SKIP and recruitment of an activa-
tion complex including HATs is facilitated by SKIP (37,47).
In our experimental system, MAGE-A1 counteracted the
transcriptional activation mediated by Notch1-IC (Figure 6).
A possible explanation of this effect is that MAGE-A1 func-
tions as a passive repressor dissociating Notch1-IC from
SKIP, thereby preventing the recruitment of the transcrip-
tional activation complex. However, the observation that
the repressive effect of MAGE-A1 was not relieved by
increasing the amount of transfected Notch1-IC plasmid
(Figure 5A) suggests that MAGE-A1 and Notch1-IC did
not compete to bind to SKIP. Another possible mechanism
of passive repression could be that, upon binding to SKIP,
MAGE-A1 masked the activation domain of Notch1-IC.
Such a mechanism of passive repression was reported for
the MAGE-related protein, necdin, which binds to the trans-
activation domain of E2F1 and p53 (27,28). MAGE-A1 is not
involved in this pathway, as we found that it does not interact
with E2F1 or p53 in the yeast two-hybrid system (data not
shown).

We investigated whether MAGE-A1 could actively repress
transcription. Active repression could be exerted by interfering
with the assembly of the basal transcription complex near the
transcription-initiation site, by disrupting the interaction
between DNA-bound transcription activators and the tran-
scription machinery or by recruiting corepressors, such as
HDAC. We observed that MAGE-A1 binds and recruits
HDAC1, which modifies chromatin, but may also target
non-histone proteins involved in transcriptional regulation
(38). Recruitment of HDAC by MAGE-A1 could be sufficient
to inhibit Notch1-IC transactivation, but we cannot exclude
that, in our experimental setting, MAGE-A1 also inhibited
transcription by destabilizing the binding of transcriptional
coactivators to Notch1-IC.

i) ii) iii)

Figure 6.MAGE-A1 counteracts Notch1-IC transactivation and recruits HDAC. (i and ii) Summary of experimental data using Gal4bd/SKIP, Notch1-IC and the
CAT reporter according to themodel of Zhou et al. (37). (iii) By binding to SKIP and recruitingHDAC,MAGE-A1 counteractsNotch1-IC transactivation and thereby
represses transcription. Endogenous proteins are indicated by shaded forms; proteins expressed upon transfection are indicated by unshaded forms.
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Figure 7.MAGE-A1actively represses transcription through the recruitment of the histone deacetylase,HDAC1. (A)MAGE-A1actively inhibits transcriptionwhen
fused to Gal4bd. U2OS cells were transiently transfected with 250 ng of (Gal4)4–tkLuc reporter with increasing amounts (50–500 ng) of a vector coding for Gal4bd/
MAGE-A1. The amount of transfected DNAwas kept constant to 500 ng by adding DNA of a vector producing Gal4bd.Whole cell extracts were used in luciferase
assays. The basal activity of the reporter in the presence of Gal4bd is normalized to a value of 100%. Transfection efficiencieswere normalized using b-galactosidase
activity. The results are the average of seven independent transfectionswith error bars displaying standarddeviations. (B)MAGE-A1-mediated repression is sensitive
to theHDAC inhibitor TSA.U2OS cellswere transiently transfectedwith 250 ng of the (Gal4)4–tkLuc reporter and 500 ng of the vector encodingGal4bd/MAGE-A1.
Four hours after transfection, cells were treated (lanes 2 and 4) or not (lanes 1 and 3)with 200 nMTSA.The relative luciferase activitieswere determined as described
in Figure 7A. The results are the average of at least two independent transfections with error bars displaying standard deviations. (C) MAGE-A1 interacts with
HDAC1. Full-length 35S-radiolabelled HDAC1 and HDAC4 were obtained by in vitro translation (IVT) and incubated with equivalent amounts of maltose binding
protein (MBP) (lane 2) or MBP–MAGE-A1 fusion protein (lane 3). IVT HDAC1 and HDAC4 are indicated by an arrow on the left. Lane 1,
35S-radiolabelled HDAC1 (top) or HDAC4 (bottom), input (10%). (D) HDAC1 co-immunoprecipitates with MAGE-A1. COS cells were cotransfected with
expression vectors encoding MAGE-A1 and HDAC1. A lysate was analyzed by immunoblotting with an anti-HDAC1 monoclonal antibody, directly (lane 1, input
4%) or after immunoprecipitation (IP) with preimmune goat serum (lane 2) or anti-MAGE-A1 goat serum (lane 3). (E) MAGE-A1 requires the deacetylase HDAC1
for transcriptional repression. U2OS cells were transiently transfected with 250 ng of the (Gal4)4–tkLuc reporter and, as indicated, with 50 ng of a vector encoding
Gal4bd/MAGE-A1 and/or 500ng of a vector producingHDAC1-F (HDAC1 taggedwith a Flag epitope).Cellswere then harvested and assayed for luciferase activity.
The basal activity of the reporter is normalized to a value of 100%. Transfection efficiencies were normalized using b-galactosidase activity. The results of a
representative experiment done in duplicate are shown. In the absence of synergy, the expected value for the relative luciferase activity is 46%, which corresponds to
the product of the activity measured in the presence of MAGE-A1 alone (60%) · the activity measured in the presence of HDAC1 alone (76%).
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Such a combination of passive and active repression
mechanisms was previously demonstrated for retinoblastoma
protein, Rb. It binds to the activation domain of transcription
factor E2F1, preventing it to interact with the CBP coactivator
(55,56). In addition, Rb recruits HDAC and actively represses
the E2F-regulated promoters of genes required for the S phase
of the cell cycle (38,57).

Since MAGE-A1 acts as a transcriptional regulator, a frac-
tion of the MAGE-A1 protein produced in mammalian cells
must reach the nucleus. In transfected HeLa cells, we observed
that MAGE-A1 was not exclusively localized in the cytosol,
but that a significant fraction of it was present in the nucleus
(Figure 5D). Some reports described that MAGE-A1 was
located only in the cytosol of melanoma cells and spermato-
gonia (32,33,58), but another report described that MAGE-A1
and MAGE-A4 proteins are located in both the cytoplasm and
the nucleus of spermatogonia (7). MAGE-A1 may be located
predominantly in the cytoplasm and may translocate to the
nucleus upon appropriate stimulation of the cell.

Experiments performed in our experimental system clearly
indicated that, upon binding to SKIP, MAGE-A1 exerted a
potent transcriptional repression. Since SKIP is involved in
several signaling pathways, repression byMAGE-A1 bound to
SKIP may influence gene expression from many different
promoters. As the testis is the only healthy adult organ
where human MAGE-A and murine Mage-a genes are
expressed, proteins encoded by these genes may play a role
in spermatogenesis (7,59). It is therefore possible that, by
binding to SKIP and by inhibiting Notch1-IC transactivation,
MAGE-A1 participates in cell fate choices during spermato-
genesis. However, we were not able to demonstrate that
MAGE-A1 could repress the expression of an endogenous
Notch1-IC target gene (data not shown). This may be because
MAGE-A1, in contrast to Notch1-IC or SMRT, does not bind
to the activator CBF1 but binds only to SKIP, a protein that
could not be absolutely required for Notch1-IC signal trans-
duction. The possibility that MAGE-A1 regulates the expres-
sion of genes involved in spermatogenesis through other
signaling pathways remains to be investigated. On the other
hand, MAGE-A1 is expressed in tumor cells of different his-
tological types. Altered HAT and/or HDAC activities have
been observed in many cancer cells (60). By recruiting
HDAC1 to genes that remain to be identified, MAGE-A1
may contribute to these alterations and favor tumor cell
growth.
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