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Abstract

Melanoma is one of the most aggressive tumors with a very low survival rate once metastasized.
The incidence of newly detected cases increases every year suggesting the necessity of
development and application of innovative treatment strategies. Human melanoma develops from
melanocytes localized in the epidermis of the skin to malignant tumors because of deregulated
effectors influencing several molecular pathways. Despite many advances in describing the
molecular changes accompanying melanoma formation, many critical and clinically relevant
molecular features of the transformed pigment cells and the underlying mechanisms are largely
unknown. To contribute to a better understanding of the molecular processes of melanoma
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formation, we use a transgenic medaka melanoma model that is well suited for the investigation of
melanoma tumor development because fish and human melanocytes are both localized in the
epidermis. The purpose of our study was to gain insights into melanoma development from the
first steps of tumor formation up to melanoma progression and to identify gene expression patterns
that will be useful for monitoring treatment effects in drug screening approaches. Comparing
transcriptomes from juvenile fish at the tumor initiating stage with nevi and advanced melanoma
of adults, we identified stage specific expression signatures and pathways that are characteristic for
the development of medaka melanoma, and are also found in human malignancies.

Keywords

gene expression signature; medaka; melanoma; RNA-sequencing; transcriptome; transgenic fish
model

Introduction

Malignant melanoma is the most aggressive form of skin cancer with a rapidly rising
incidence worldwide (Siegel et al., 2014). Melanoma rates have doubled in the past 30 years
and an estimated 87,110 new melanoma cases will be diagnosed in 2017 in the United States
(https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/annual-
cancer-facts-and-figures/2017/cancer-facts-and-figures-2017.pdf). Primary melanoma tends
to metastasize to many different parts of the body and at that stage current therapeutic
strategies frequently fail. New treatment options were established and recently approved
increasing the one-year progression free survival up to 50% (CheckMate 067 study, James
Larkin, ASCO 2017). Among these are immunotherapies (CTLA4- and PD1-inhibitor) and
targeted therapies (BRAF- and MEK-inhibitors) with good response rates. However, side
effects and drug resistant tumors may compromise treatment success (Chapman et al., 2011;
Eggermont et al., 2016; Luke et al., 2017). In addition, there remain a large number of
patients that do not benefit at all from these new treatments, e.g. patients with wild-type
BRAF status. Therefore, the improvement of existing and the development of new therapies
are important health care priorities. Comprehensive understanding of the genetic profile of
melanoma primary tumor development and progression is a precondition for the
development of new therapeutic options and strategies. Predisposing factors for malignant
melanoma include exposure to ultraviolet radiation as well as pigmentation characteristics
such as fair skin, a high number of nevi (Markovic et al., 2007) as well as genetic risk
factors. Aberrations in different genes such as CDKNZa, P53 or BRAF are associated with
familial melanoma (Tsao et al., 2012). Genome sequencing projects of human metastatic
melanomas have uncovered a large number of somatic alterations. Among these are the
already known oncogenes BRAF (in about half of all melanomas) and NRAS, but also new
candidates, like MFZ and PREXZ (Berger et al., 2012; Cancer Genome Atlas, 2015). The
identification of such new candidate genes is very important for a better understanding of the
contribution of genetic and genomic alterations to melanoma formation. Insights into
melanoma tumor biology were also provided by a large number of genetic and molecular
studies; however, they are only retrospective (Chin et al., 2006; Hodis et al., 2012; Sturm et
al., 1994).
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Cancer is a systemic disease. Therefore, the use of animal models with high anatomical and
physiological similarities to humans is extremely important for the investigation of
developmental and environmental factors that drive melanoma formation. Small aquarium
fish, such as zebrafish or medaka are well suited for biomedical research because of several
features and are well-accepted models to study melanoma development (Patton et al., 2010).
Both have high fecundity, short generation time, genetic tractability and they are easy to
breed in large numbers (Lieschke and Currie, 2007; Wittbrodt et al., 2002). We use pigment
cell tumor-developing transgenic medaka as model for studying melanoma (Schartl et al.
2010). Melanocytes in fish, like in humans, are localized in the basal layer of the epidermis
in the skin. In contrast, mouse melanocytes are located in the hair follicles and in the dermis
(Gola et al., 2012; Kelsh, 2004). This anatomical conformity together with a high degree of
molecular genetic conservation between medaka and human pigment cell cancers (Patton et
al., 2010; Schartl et al., 2012) make medaka a highly suitable in-vivo study system.

Development of small aquarium fish models of melanoma has been proposed to produce
superior experimental systems for high throughput first line drug screens (van Rooijen et al.,
2017). Successful screening experiments in zebrafish have been conducted, however, these
utilized established screening technologies by exposing embryos to chemicals and
monitoring drug effects on normal melanocytes (Colanesi et al., 2012; White et al., 2011).
So far — with a single exception (Matsuzaki et al., 2013) — efficient systems to monitor the
effect of drugs that act on developing melanoma in free swimming larvae or adult animals
have not been devised and drug screening protocols on larvae and adults are lacking, partly
due to the difficulty of monitoring phenotypic changes of a fully developed melanoma and
the long-term that such changes require to become visible. Reasoning that drug effects
would be first visible at the level of gene expression, we are working toward developing
such gene expression patterns that hallmark melanoma. Our ability to find gene expression
readouts of melanoma development depends critically on the knowledge of transcriptional
changes (i.e. expression signatures) in tumors at different stages of development.

In this study, we used a pigment cell tumor developing medaka model for investigating gene
expression profiles of early-stage in juveniles (3-5 weeks) and advanced melanoma in adults
(6-9 months). These fish are transgenic for the xmrk oncogene from Xiphophorus maculatus
under the pigment-specific promoter of the medaka /mitfa gene. They develop aggressive
melanomas, which are highly invasive into the internal organs of the body, and form large
nodular tumors in the skin and at extracutanous sites (Schartl et al., 2010). The purpose of
this study was to identify transcriptional profiles of juvenile fish at the initial stage of
melanoma formation in comparison to nevi and advanced melanoma from adult medaka. We
found a clear downregulation of critical genes from the innate and adaptive immune system
in the early stage of melanoma development while an upregulation of adaptive immune
response genes were detected in melanoma tumors from adults. Differentially regulated
pigment cell and pigmentation specific genes were identified in both early and advanced
stage melanomas while other gene expression patterns constitute specific transcriptional
signatures of the respective tumor stage.
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Material and Methods

Fish maintenance

Transgenic Oryzias latipes (medaka) of the Carbio Tg(/mitf:xmrk) strain (Schartl et al., 2010)
were used as model to investigate melanoma-specific transcriptional signatures. Fish of this
strain carry the cDNA from the melanoma-inducing oncogene xmrk of Xiphophorus
maculatus. The expression of xmrk under the pigment cell specific medaka mitfa promotor
results in formation of pigment cell tumors with up to 100% penetrance. All fish were kept
under standard conditions in the aquarium facility of the Biocenter at the University of
Wuerzburg in compliance with local animal welfare laws, guidelines and policies and under
the authorization (55.2 — 2531.01 — 40/14) of the Veterinary Office of the District
Government of Lower Franconia, Germany, in accordance with the German Animal
Protection Law.

RNA-sequencing (RNA-seq)

Total RNA was isolated from whole body of 10 individual transgenic and 10 individual non-
transgenic (wild-type) fish using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according
to manufacturer’s instructions. The age of the fish ranged from three to five weeks at a
uniform total length of about one cm. To increase the sample size and for cross-validation
we added to the dataset produced in this study the primary data from an earlier study
(Schartl et al. 2015) with four wildtype and four melanoma juveniles of the same age and
size, and reanalyzed them in comparison with our new data. RNA from adults (6-9 months
old) was extracted from pooled fins of 11 non-transgenic medaka (strain Carbio), 2 pools
(n=5 and 10) of nevi from two independent dissections from transgenic fish (Tg(mitf::xmrKk);
Tg(mitf::xmrk),p53-/-) and three individual exophytic melanoma (Tg(/mitf::xmrK)) using
commercially available systems (RNeasy Kit, Qiagen, Hilden, Germany). Quality of RNA
was assessed by measuring the RNA Integrity Number (RIN) using an Agilent 2100
Electrophoresis Bioanalyzer Instrument G2939A (Agilent Technologies, Boblingen,
Germany). RNA samples with RIN>8 were used for sequencing. High-throughput paired-
end RNA sequencing libraries were constructed following the standard Illumina mRNA
library preparation protocol (www.illumina.com; lllumina Inc, San Diego, CA, U.S.A.).

RNA-seq validation by quantitative real-time PCR (QRT-PCR)

For confirmation of RNA-seq data, selected genes were analyzed by gRT-PCR analysis.
Total RNA from three to five weeks old individual transgenic and wild-type medakas (n=4-
10 in each group) was extracted from whole bodies using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to manufacturer’s instructions. RNA from adults (6—9 months
old) was isolated from one pool (n=9) of nevi from transgenic medakas (Tg(mitf:.xmrk))
and 7-8 individual exophytic melanoma (Tg(mitf::xmrk)) using TRIzol Reagent (Thermo
Fisher Scientific, Waltham, USA) according to the supplier’s recommendation. After DNase
treatment, total RNA (1-2 pg) was reverse transcribed using the RevertAid First Strand
cDNA Synthesis kit (Thermo Fisher Scientific, Waltham, USA) and random hexamer
primers, according to the manufacturer’s instructions. For real-time gRT-PCR, cDNA from
25 ng of total RNA was analyzed in triplicates using SYBR Green reagent. Primer sequences
are listed in Supplementary Table S1. Amplification was monitored using a Mastercycler ep
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realplex? (Eppendorf, Hamburg, Germany). For quantification, expression of each gene was
normalized to the housekeeping gene efZal (elongation factor 1 alpha 1) using the delta Ct
method (Simpson et al., 2000). Differences in mMRNA expression levels were tested for
significance using Wilcoxon—-Mann-Whitney U test or Student’s t-test depending on the
sample size and distribution. Normally distributed data with a sample size larger than 9 were
analyzed by Student’s t-test and data with a samples size smaller than 9 or without normal
distribution were analyzed using non-parametric Wilcoxon—Mann-Whitney U test.

Bioinformatics and statistical analyses/Pathway and transcription regulator enrichment

For the samples from the juvenile whole-body RNA extractions sequencing reads were
filtered using an in-house data processing pipeline (Garcia et al., 2012). Briefly, sequencing
adaptors were firstly removed from sequencing reads. Processed sequencing reads were
subsequently trimmed and filtered based on quality scores by using a filtration algorithm
that removed low-scoring sections of each read and preserved the longest remaining
fragment. For the adult samples two independent sequencing runs were done: (1) one pool of
nevi (N1) with melanoma M1, and (2) a second nevus pool (N2) with melanoma M2 and M3
and pooled fins (F). Adapter sequences from reads were trimmed using leeHom (Renaud et
al., 2014). These reads were then mapped with the RNA-Seq aligner STAR (Dobin et al.,
2013) to the Ensembl medaka genome version 88. Gene abundance was calculated by
RSEM (Li and Dewey, 2011) and resulting expected read counts were used for detection of
differentially expressed genes using the bioconductor package DESeq2 (Love et al., 2014).
Genes from juvenile wild-type and Tg(mitf-:xmrk) medaka with log2fold change (log2FC) <
-1 or >+1 and an adjusted p-value <0.05 were considered to be differentially expressed. For
detection of differentially expressed genes in samples from adult fish both sequencing runs
were treated separately and a log2fold change of <—1 or >+1 was used. Only genes showing
consistent regulation in both sequencing runs were considered further. To exclude false
positives due to fin (F) specific genes within the nevus tissues in regulated genes in adult
melanoma samples (M) compared to nevi (N), the log2FC fin/nevus was required to be not 0
according to the following formula:

(M >N) AND (log2FC(F vs. N)<-1) OR ((M > N) AND log2FC(F vs. N)>1)) for
genes upregulated in melanoma and

((M < N) AND (log2FC(F vs. N)< —=1) OR ((M < N) AND log2FC(F vs. N)>1)) for
genes downregulated in melanoma.

Heatmaps with dendrograms were generated using the R/Bioconductor package ‘made4’.
Medaka genes were matched to human orthologs using the Ensembl tool BioMart (http://
www.ensembl.org/biomart/martview/662764dc0alef355f59d8c648d5196be). WebGestalt
(http://www.webgestalt.org/webgestalt 2013/) and DAVID (https://david.ncifcrf.gov/)
functional enrichment analysis web tools were used for subsequent functional classification
(default settings) KEGG pathways that are overexpressed in melanoma samples were
extracted and analyzed with the Search&Color Pathway tool (http://www.genome.jp/kegg/
mapper.html).
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Histopathology

Cryostat sections of medaka melanomas were stained with hematoxylin and eosin.

Results and Discussion

The purpose of this study was to get insights into melanoma specific gene expression
patterns from the initiation of tumor formation up to advanced melanoma. We first analyzed
whole body RNA-Seq data from juvenile medaka to establish expression profiles of early
tumor development by comparing wild-type and transgenic fish. Second, we compared nevi
and advanced melanoma to find expression patterns that distinguish the premalignant and
advanced malignant state. Finally, we compared early melanoma expression profiles with
advanced melanoma (Figure 1).

Establishment of gene expression signatures of early melanoma development

First, the whole-body gene expression profiles from juvenile wild-type medaka were
compared to fish with early melanoma formation. Differentially expressed genes were
identified and used to define gene expression signatures representative of early-stage
melanoma. Whole body RNA-Seq was employed because of the impossibility to dissect out
the invasive early melanoma in the very young animals. We have shown previously that
whole body RNA-extracts are suitable to detect initiating melanoma specific gene
expression patterns and moreover to detect the host response to the early cancer stages
(Schartl et al. 2015).

The Differential Expression (DE) analysis of whole body RNA-extracts revealed 156
downregulated and 85 upregulated genes in juvenile transgenic fish (n=14) compared to
wild-type fish (n=14) (Table S2). This confirms our earlier results (Schartl et al., 2015) that
it is possible to obtain regulated gene profiles from whole body RNA isolates of healthy and
tumorous fish. Subsequent hierarchical clustering of differentially expressed genes
confirmed two distinct groups (Figure 2). Enriched GO terms and KEGG pathways were
extracted. Ten overrepresented GO terms were identified for the overexpressed genes in the
melanoma cohort, most of them associated with processes of melanin synthesis and
pigmentation (Table S3). Among the upregulated genes are #yrpI (tyrosinase-related protein
1), pmel (premelanosome protein), &yr (tyrosinase), s/c24a5 (solute carrier family 24
member 5) and mitf (microphthalmia-associated transcription factor). The tumorigenic
phenotype is a result of xmrk expression that induces development of pigment cell tumors
leading to hyperpigmentation already some days after hatching. Within 1-3 weeks, the
hyperpigmented skin areas progress to malignant tumors, evident as invasion of pigment
cells into the underlying musculature and further into internal organs (Schartl et al. 2015).
However, at this time point typical cancer-associated GO terms or enriched KEGG pathways
are not evident in line with a very early stage of tumor development. On the other hand,
expression of the melanoma driver oncogene xmrk was clearly detectable at high levels in all
tumor fish samples. An upregulation of k7756 (kinesin family member 5B) was observed as
well. A correlation between K/F58 (and K/F4A) overexpression and skin cancer has been
reported earlier as well as its benefit as a potential prognostic marker in the context of tumor
development and progression (Liu et al., 2013; Yu and Feng, 2010). Remarkably, we found a
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number of immune system associated GO terms enriched for downregulated genes in the
juvenile transgenic fish (Table S4) confirming our earlier studies and supporting the
hypothesis that early melanoma development is accompanied by a suppression of the
immune system and/or immune-associated processes (Schartl et al. 2015). Some of the
downregulated genes like #/r3 (toll-like receptor 3), ¢3 (complement component 3) or c4b
(complement component 4B) belong to the innate immune system that functions as first line
of defense against pathogens and tumors (Marcus et al., 2014), while others, e.g. /rf!
(interferon regulatory factor 1), infrsfi4 (TNF receptor superfamily member 14), hla-dma
(major histocompatibility complex, class Il, DM alpha), //1r1 (interleukin 1 receptor, type I)
are part of the B and T cell mediated adaptive immune response. Differential expressions in
these gene sets are strong evidence for a suppressed innate and adaptive immune system
during early stages of melanoma development. A selection of the above described
differentially expressed genes was validated and confirmed by qRT-PCR (Table S5 A).

Gene expression signatures of advanced malignant melanoma in adults

Next, the gene expression patterns of microdissected nevi and advanced stage melanoma
from adult medaka were analyzed. Differentially expressed genes were defined and used to
establish characteristic expression signatures. A total of 1829 genes were consistently
upregulated and 899 genes downregulated in melanomas (Table S6). Of the 2728
differentially expressed genes 1578 matched to human orthologs and were used for further
enrichment analysis. The differentially expressed genes were hierarchically clustered. The
heatmap (Figure 3) shows a clear separation of nevus samples from melanoma samples. 40
(Table S7) and 18 (Table S8) enriched GO terms were found in the overexpressed and
downregulated genes, respectively (R>2; adjusted p-value <0.01). Expectedly, signaling
pathways downstream of Xmrk (epidermal growth factor signaling pathways G0:0038127,
G0:0007173, ID 04010, 1D 04012) were upregulated. Overexpressed genes from GO terms
related to melanin pigmentation (0048770, 0042470, 0046148, 0042438, 0006582, 0042440)
as well as from the enriched KEGG pathways ‘melanogenesis’ and “tyrosine metabolism’
(Table S9) include genes like tyr, dct (dopachrome delta-isomerase, tyrosine-related protein
2), tyrpl or rab38 (member RAS oncogene family). These upregulated genes represent the
hypermelanized phenotype of the medaka melanoma. They indicate that terminal
differentiation to fully melanized cells still occurs in highly proliferative and aggressive
tumors. Further enriched KEGG pathways in melanoma samples include three different
pathways in cancer. The enriched pathways ‘cell cycle’ and ‘nucleotide metabolism” are
indicative of the proliferative and transcriptionally highly active state of the tumors (Table
S9). Several pathways and GO terms enriched for melanoma upregulated genes indicate the
high metabolic activity of the tumors (e.g. ‘glycolysis’, ‘gluconeogenesis, ‘carbohydrate
biosynthetic process’) (Table S7). Several pathways related to the adaptive immune response
are upregulated in the melanoma samples (Table S9). This points to the presence of host
immune cells in the dissected tumors and an ongoing immune reaction (Figure S1). The pro-
tumorigenic expression signature includes upregulation of mitfa (microphtalmia-associated
transcription factor a) and dusp4 (dual specificity protein phosphatase 4). Interestingly,
piwill was upregulated from 2 to 40-fold in melanoma. This is in agreement with an earlier
study that found upregulation of the piRNA processing machinery in medaka melanoma and
a high number of abundantly expressed melanoma-specific piRNAs (Kneitz et al., 2016).
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piRNAs with tumor-specific functions have been reported in enigmatic cases; however, their
roles in mediating aspects of the neoplastic phenotype remain largely unclear (Hashim et al.,
2014; Kwon et al., 2014; Suzuki et al., 2012). In this context the medaka model may provide
a useful tool to increase our understanding of the relevance of piRNAs for melanoma
development.

In the advanced melanoma apoptosis is downregulated (Table S10), which is a common
feature of many cancers (Brown and Attardi, 2005; Hanahan and Weinberg, 2000). A
number of downregulated genes from enriched GO terms in melanoma samples (Table S8)
are associated with intermediate filament and cytoskeleton organization. These include two
members of the keratin (kr?) gene family, which are involved in structural stability and
cytoskeletal organization of epithelial cells. Members of the KRT gene family are often
implicated in epithelial-mesenchymal transition (EMT). EMT is a process of phenotypic
changes of cells and plays an important role in carcinoma development. EMT induces
reorganization of cytoskeletal components, loss of cell polarity, cell-cell adhesion and
keratin expression (Klymkowsky and Savagner, 2009). The diminished Artexpression in the
melanoma samples suggests a link between increased cell growth, migration, invasiveness
and EMT processes. Consistently, the KEGG pathway ‘regulation of actin cytoskeleton’ has
an increased number of regulated genes, e.g. firasls (HRAS-like suppressor), nhel (Solute
Carrier Family 9 Member Al), irsp53 (BAll-associated protein 2), arp2/3 (actin-related
protein 2/3 complex subunit 4), and gsnb (gelsolin b) (Figure 4). The enriched KEGG
pathway ‘ECM-receptor interaction” (Figure 5) in melanoma comprises upregulation of the
laminin gene family and several /ntegrins, and downregulation of co/Z1ala(collagen, type
X1, alpha 1a), co/17ala (collagen, type XVII, alpha 1a), co/5a3a (collagen, type V, alpha 3a),
col5a3b (collagen, type V, alpha 3b) and /fgb6 (integrin, beta 6), /fga8 (integrin, alpha 8) and
ftga6l (integrin, alpha 6, like) and vwf (von Willebrand factor). Members of the /aminin gene
family are part of the extracellular matrix (ECM) affecting cellular processes (e.g. cell
proliferation, differentiation, adhesion and migration) and are known to be involved in
tumorigenic mechanisms (Givant-Horwitz et al., 2005; loachim et al., 2002; Oikawa et al.,
2011). They are highly expressed in melanoma cells during invasion and metastasis (Oikawa
etal., 2011). A diminished plasticity of ECM was observed in several tumors accompanied
by VEGF and TGFp-induced vessel growth and development of inflammation. ECM
receptors are necessary for the interaction between cell adhesion and ECM that can
influence cell proliferation, migration or apoptosis (Lu et al., 2012; Ozbek et al., 2010;
Schmidt and Friedl, 2010). The increased /aminin expression levels in our melanoma
samples are in line with the aggressive phenotype of the advanced tumor stage. Laminins are
recognized by integrin-receptors like /fgb1, which is also upregulated. Besides laminin,
collagens are also important components of the ECM. They confer tensile strength, elasticity
of the skin and are involved in cell adhesion and migration (Rozario and DeSimone, 2010).
The results of the validation of selected differentially expressed genes by gRT-PCR were in
accordance with the RNA-seq analysis (Table S5 B).

Comparison of the gene expression profiles of early and advanced melanoma

First, similarly regulated genes in juvenile melanoma fish (compared to wildtype fish) and in
melanoma samples from adult fish (compared to nevi) were extracted. Eighteen genes were
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upregulated and six genes were downregulated (Table S11). Most prominently, an
upregulation of pigmentation-associated genes, including the melanoma antigen m/ana, the
photopigment melanopsin (opn4xa), several pigmentation genes and mitf marks the common
expression signature of early and advanced melanoma. This result is in line with the
hyperpigmented phenotype of the samples from both groups (Figure 6), which employs the
melanin-producing pathway. MITF is a key regulator of melanocytes and its high expression
levels in melanoma are linked to a proliferating tumor phenotype (2017). The gene g6pd
(glucose-6-phosphate dehydrogenase) is commonly downregulated. It has been reported that
expression of G6PD is increased in many different tumor types including breast cancer
(Polat et al., 2002), leukemia (Batetta et al., 1999), colon cancer (Van Driel et al., 1999) or
liver and prostate cancer (Rao et al., 1997; Tsouko et al., 2014), but its role in melanoma is
unclear. On the other hand, tumor cells are often characterized by a state of redox imbalance
and G6PD is involved in the maintenance of the redox balance. Proteomic and micro-array
analyses of the xmrk-driven melanoma from the related Xiphophorus fish model also
pointed to a deregulated antioxidative capacity (Lokaj et al., 2009; Teutschbein et al., 2010).
The downregulated expression of g6pdin malignant tumor samples could mean a reduced
antioxidative capacity of tumor cells and therefore high levels of oxidative damage as
described in G6PD deficient mice (Jeng et al., 2013). Such reduced antioxidative capacity is
generally seen as being pro-tumorigenic (Pantavos et al., 2015; Rathan Shetty et al., 2015).
Experimental studies in well-defined in-vitro systems are required to test this hypothesis.

Another gene, which is consistently downregulated in medaka melanoma is cathepsin £
(ctse). It has been shown that repression of CTSE is associated with increased risk of
mammary carcinogenesis and linked to poor prognosis in breast cancer (Kawakubo et al.,
2014). In ctse-deficient mice B16 melanoma cells show more profound growth, viability and
metastasis compared to wild-type and CTSE overexpressing transgenic mice (Kawakubo et
al., 2007).

Next, differences in gene expressions between juvenile and adult melanoma were analyzed.
Seventeen genes were downregulated and 11 genes upregulated (Table S12). Initial stage
melanoma from juvenile fish showed an upregulation of fgm5 (transglutaminase 5). The
transglutaminase enzymes crosslink proteins by formation of isopeptide bonds and act as a
stabilizing component for the adhesion of melanoma cells with extracellular matrix proteins
under conditions of wall shear stress induced by blood laminar flow (Menter et al., 1991).
Further changes in the ECM, which might be related to the highly invasive phenotype of the
initial stage melanoma are indicated by frequent GO terms. Overexpression of fgmsin
juvenile fish during early-phase melanoma is in accordance with the gene expression pattern
of another transglutaminase enzyme, TGM2, in different cancer types (lacobuzio-Donahue
et al., 2003; Mehta et al., 2004; Miyoshi et al., 2010) including melanoma (van Groningen et
al., 1995). Moreover, high TGM2 expression is regarded as negative prognostic marker in
different cancer types and is often described in the context of advanced tumor stages,
metastasis formation as well as drug resistance (Fok et al., 2006; Herman et al., 2006; Mehta
et al., 2004).
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Conclusions

In agreement with an earlier study (Schartl et al. 2015) we find a strong downregulation of
critical genes from the innate and adaptive immune system in the early stage of melanoma
development. This appears to be a “host” response of the juvenile fish that is elicited by the
melanoma in its initial stage and likely facilitates establishment of the tumor. This motivates
further studies with experimental modulation of the immune system during the early phase
of tumorigenesis in medaka.

In the advanced melanoma of adult fish besides the expected upregulated oncogenic
signaling pathways we found as characteristics of this stage pronounced differential
expression of ECM components, which may reflect the remodeling of the ECM during
epithelial-mesenchymal transition in the processes of tumor invasion. We also noted an
upregulation of adaptive immune response genes indicative of an ongoing “immune
surveillance”. Small aquarium fish melanoma models can tolerate the malignant tumors for
quite a while and are not heavily affected by the cancerous disease with respect to their
general health and the metastatic phenotype often is not as pronounced as in mice.

We found as major common features of the early and advanced stage melanoma differential
regulation of pigment cell and pigmentation specific genes, while the expected changes in
expression of proliferation and oncogenic signaling genes remained undetectable by the
currently possible approach. Expression of fgm5in the juvenile samples, as detected by the
whole-body sequencing strategy appears to provide an early prognostic biomarker. With
respect to immune genes, it is evident that the early phase is more characterized by tumor-
induced suppression of the innate immune response, while during late tumor development an
active adaptive immune response is apparent.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by NIH grant 1R240D018555 to JHP, MS, RW, and WW, R24-0D-011120 to RW,
funding from the Max Planck Society to MD, BN and JK and by the Melanoma Research Network of the Deutsche
Krebshilfe e.V. grant no. 109716 (German Cancer Aid) to MS and MK.

References

Melanoma Development. Molecular Biology, Genetics and Clinical Application. Anticancer Res.
2017; 37:1544.

Batetta B, Pulisci D, Bonatesta RR, Sanna F, Piras S, Mulas MF, Spano O, Putzolu M, Broccia G,
Dessi S. G6PD activity and gene expression in leukemic cells from G6PD-deficient subjects. Cancer
Lett. 1999; 140:53-58. [PubMed: 10403541]

Berger MF, Hodis E, Heffernan TP, Deribe YL, Lawrence MS, Protopopov A, Ivanova E, Watson IR,
Nickerson E, Ghosh P, Zhang H, Zeid R, Ren X, Cibulskis K, Sivachenko AY, Wagle N, Sucker A,
Sougnez C, Onofrio R, Ambrogio L, Auclair D, Fennell T, Carter SL, Drier Y, Stojanov P, Singer
MA, Voet D, Jing R, Saksena G, Barretina J, Ramos AH, Pugh TJ, Stransky N, Parkin M, Winckler
W, Mahan S, Ardlie K, Baldwin J, Wargo J, Schadendorf D, Meyerson M, Gabriel SB, Golub TR,

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Klotz et al. Page 11

Wagner SN, Lander ES, Getz G, Chin L, Garraway LA. Melanoma genome sequencing reveals
frequent PREX2 mutations. Nature. 2012; 485:502-506. [PubMed: 22622578]

Brown JM, Attardi LD. The role of apoptosis in cancer development and treatment response. Nat Rev
Cancer. 2005; 5:231-237. [PubMed: 15738985]

Cancer Genome Atlas, N. Genomic Classification of Cutaneous Melanoma. Cell. 2015; 161:1681-
1696. [PubMed: 26091043]

Chapman PB, Hauschild A, Robert C, Haanen JB, Ascierto P, Larkin J, Dummer R, Garbe C, Testori
A, Maio M, Hogg D, Lorigan P, Lebbe C, Jouary T, Schadendorf D, Ribas A, O’Day SJ, Sosman
JA, Kirkwood JM, Eggermont AM, Dreno B, Nolop K, Li J, Nelson B, Hou J, Lee RJ, Flaherty KT,
McArthur GA, Group, B.-S. Improved survival with vemurafenib in melanoma with BRAF V600E
mutation. N Engl J Med. 2011; 364:2507-2516. [PubMed: 21639808]

Chin L, Garraway LA, Fisher DE. Malignant melanoma: genetics and therapeutics in the genomic era.
Genes Dev. 2006; 20:2149-2182. [PubMed: 16912270]

Colanesi S, Taylor KL, Temperley ND, Lundegaard PR, Liu D, North TE, Ishizaki H, Kelsh RN,
Patton EE. Small molecule screening identifies targetable zebrafish pigmentation pathways.
Pigment Cell Melanoma Res. 2012; 25:131-143. [PubMed: 22252091]
Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, Gingeras TR.
STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 2013; 29:15-21. [PubMed: 23104886]
Eggermont AM, Chiarion-Sileni V, Grob JJ, Dummer R, Wolchok JD, Schmidt H, Hamid O, Robert C,
Ascierto PA, Richards JM, Lebbe C, Ferraresi V, Smylie M, Weber JS, Maio M, Bastholt L,
Mortier L, Thomas L, Tahir S, Hauschild A, Hassel JC, Hodi FS, Taitt C, de Pril V, de Schaetzen
G, Suciu S, Testori A. Prolonged Survival in Stage 111 Melanoma with Ipilimumab Adjuvant
Therapy. N Engl J Med. 2016; 375:1845-1855. [PubMed: 27717298]

Fok JY, Ekmekcioglu S, Mehta K. Implications of tissue transglutaminase expression in malignant
melanoma. Mol Cancer Ther. 2006; 5:1493-1503. [PubMed: 16818508]

Garcia T, Shen Y, Catchen J, Amores A, Schartl M, Postlethwait J, Walter RB. Effects of short read
quality and quantity on a de novo vertebrate transcriptome assembly. Comp Biochem Physiol C
Toxicol Pharmacol. 2012; 155:95-101. [PubMed: 21651990]

Givant-Horwitz V, Davidson B, Reich R. Laminin-induced signaling in tumor cells. Cancer Lett. 2005;
223:1-10. [PubMed: 15890231]

Gola M, Czajkowski R, Bajek A, Dura A, Drewa T. Melanocyte stem cells: biology and current
aspects. Med Sci Monit. 2012; 18:RA155-159. [PubMed: 23018363]

Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000; 100:57-70. [PubMed: 10647931]

Hashim A, Rizzo F, Marchese G, Ravo M, Tarallo R, Nassa G, Giurato G, Santamaria G, Cordella A,
Cantarella C, Weisz A. RNA sequencing identifies specific PIWI-interacting small non-coding
RNA expression patterns in breast cancer. Oncotarget. 2014; 5:9901-9910. [PubMed: 25313140]

Herman JF, Mangala LS, Mehta K. Implications of increased tissue transglutaminase (TG2) expression
in drug-resistant breast cancer (MCF-7) cells. Oncogene. 2006; 25:3049-3058. [PubMed:
16449978]

Hodis E, Watson IR, Kryukov GV, Arold ST, Imielinski M, Theurillat JP, Nickerson E, Auclair D, Li
L, Place C, Dicara D, Ramos AH, Lawrence MS, Cibulskis K, Sivachenko A, Voet D, Saksena G,
Stransky N, Onofrio RC, Winckler W, Ardlie K, Wagle N, Wargo J, Chong K, Morton DL,
Stemke-Hale K, Chen G, Noble M, Meyerson M, Ladbury JE, Davies MA, Gershenwald JE,
Wagner SN, Hoon DS, Schadendorf D, Lander ES, Gabriel SB, Getz G, Garraway LA, Chin L. A
landscape of driver mutations in melanoma. Cell. 2012; 150:251-263. [PubMed: 22817889]

lacobuzio-Donahue CA, Ashfaq R, Maitra A, Adsay NV, Shen-Ong GL, Berg K, Hollingsworth MA,
Cameron JL, Yeo CJ, Kern SE, Goggins M, Hruban RH. Highly expressed genes in pancreatic
ductal adenocarcinomas: a comprehensive characterization and comparison of the transcription
profiles obtained from three major technologies. Cancer Res. 2003; 63:8614-8622. [PubMed:
14695172]

loachim E, Charchanti A, Briasoulis E, Karavasilis V, Tsanou H, Arvanitis DL, Agnantis NJ, Pavlidis
N. Immunohistochemical expression of extracellular matrix components tenascin, fibronectin,
collagen type 1V and laminin in breast cancer: their prognostic value and role in tumour invasion
and progression. Eur J Cancer. 2002; 38:2362-2370. [PubMed: 12460779]

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Klotz et al.

Page 12

Jeng W, Loniewska MM, Wells PG. Brain glucose-6-phosphate dehydrogenase protects against
endogenous oxidative DNA damage and neurodegeneration in aged mice. ACS Chem Neurosci.
2013; 4:1123-1132. [PubMed: 23672460]

Kawakubo T, Okamoto K, lwata J, Shin M, Okamoto Y, Yasukochi A, Nakayama KI, Kadowaki T,
Tsukuba T, Yamamoto K. Cathepsin E prevents tumor growth and metastasis by catalyzing the
proteolytic release of soluble TRAIL from tumor cell surface. Cancer Res. 2007; 67:10869-10878.
[PubMed: 18006832]

Kawakubo T, Yasukochi A, Toyama T, Takahashi S, Okamoto K, Tsukuba T, Nakamura S, Ozaki Y,
Nishigaki K, Yamashita H, Yamamoto K. Repression of cathepsin E expression increases the risk
of mammary carcinogenesis and links to poor prognosis in breast cancer. Carcinogenesis. 2014;
35:714-726. [PubMed: 24242330]

Kelsh RN. Genetics and evolution of pigment patterns in fish. Pigment Cell Res. 2004; 17:326-336.
[PubMed: 15250934]

Klymkowsky MW, Savagner P. Epithelial-mesenchymal transition: a cancer researcher’s conceptual
friend and foe. Am J Pathol. 2009; 174:1588-1593. [PubMed: 19342369]

Kneitz S, Mishra RR, Chalopin D, Postlethwait J, Warren WC, Walter RB, Schartl M. Germ cell and
tumor associated piRNAs in the medaka and Xiphophorus melanoma models. BMC Genomics.
2016; 17:357. [PubMed: 27183847]

Kwon C, Tak H, Rho M, Chang HR, Kim YH, Kim KT, Balch C, Lee EK, Nam S. Detection of PIWI
and piRNAs in the mitochondria of mammalian cancer cells. Biochem Biophys Res Commun.
2014; 446:218-223. [PubMed: 24602614]

Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data with or without a
reference genome. BMC Bioinformatics. 2011; 12:323. [PubMed: 21816040]

Lieschke GJ, Currie PD. Animal models of human disease: zebrafish swim into view. Nat Rev Genet.
2007; 8:353-367. [PubMed: 17440532]

Liu X, Gong H, Huang K. Oncogenic role of kinesin proteins and targeting kinesin therapy. Cancer
Sci. 2013; 104:651-656. [PubMed: 23438337]

Lokaj K, Meierjohann S, Schutz C, Teutschbein J, Schartl M, Sickmann A. Quantitative differential
proteome analysis in an animal model for human melanoma. J Proteome Res. 2009; 8:1818-1827.
[PubMed: 19249851]

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014; 15:550. [PubMed: 25516281]

Lu P, Weaver VM, Werb Z. The extracellular matrix: a dynamic niche in cancer progression. J Cell
Biol. 2012; 196:395-406. [PubMed: 22351925]

Luke JJ, Flaherty KT, Ribas A, Long GV. Targeted agents and immunotherapies: optimizing outcomes
in melanoma. Nat Rev Clin Oncol. 2017; 14:463-482. [PubMed: 28374786]

Marcus A, Gowen BG, Thompson TW, lannello A, Ardolino M, Deng W, Wang L, Shifrin N, Raulet
DH. Recognition of tumors by the innate immune system and natural killer cells. Adv Immunol.
2014; 122:91-128. [PubMed: 24507156]

Matsuzaki Y, Hosokai H, Mizuguchi Y, Fukamachi S, Shimizu A, Saya H. Establishment of
HRAS(G12V) transgenic medaka as a stable tumor model for in vivo screening of anticancer
drugs. PLoS One. 2013; 8:e54424. [PubMed: 23342156]

Mehta K, Fok J, Miller FR, Koul D, Sahin AA. Prognostic significance of tissue transglutaminase in
drug resistant and metastatic breast cancer. Clin Cancer Res. 2004; 10:8068-8076. [PubMed:
15585642]

Menter DG, Patton JT, Updyke TV, Kerbel RS, Maamer M, Mclintire LV, Nicolson GL.
Transglutaminase stabilizes melanoma adhesion under laminar flow. Cell Biophys. 1991; 18:123—
143. [PubMed: 1726525]

Miyoshi N, Ishii H, Mimori K, Tanaka F, Hitora T, Tei M, Sekimoto M, Doki Y, Mori M. TGM2 is a
novel marker for prognosis and therapeutic target in colorectal cancer. Ann Surg Oncol. 2010;
17:967-972. [PubMed: 20033322]

Oikawa Y, Hansson J, Sasaki T, Rousselle P, Domogatskaya A, Rodin S, Tryggvason K, Patarroyo M.
Melanoma cells produce multiple laminin isoforms and strongly migrate on alpha5 laminin(s) via
several integrin receptors. Exp Cell Res. 2011; 317:1119-1133. [PubMed: 21195710]

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Klotz et al. Page 13

Ozbek S, Balasubramanian PG, Chiquet-Ehrismann R, Tucker RP, Adams JC. The evolution of
extracellular matrix. Mol Biol Cell. 2010; 21:4300-4305. [PubMed: 21160071]

Pantavos A, Ruiter R, Feskens EF, de Keyser CE, Hofman A, Stricker BH, Franco OH, Kiefte-de Jong
JC. Total dietary antioxidant capacity, individual antioxidant intake and breast cancer risk: the
Rotterdam Study. Int J Cancer. 2015; 136:2178-2186. [PubMed: 25284450]

Patton EE, Mitchell DL, Nairn RS. Genetic and environmental melanoma models in fish. Pigment Cell
Melanoma Res. 2010; 23:314-337. [PubMed: 20230482]

Polat MF, Taysi S, Gul M, Cikman O, Yilmaz |, Bakan E, Erdogan F. Oxidant/antioxidant status in
blood of patients with malignant breast tumour and benign breast disease. Cell Biochem Funct.
2002; 20:327-331. [PubMed: 12415567]

Rao KN, ElIm MS, Kelly RH, Chandar N, Brady EP, Rao B, Shinozuka H, Eagon PK. Hepatic
hyperplasia and cancer in rats: metabolic alterations associated with cell growth. Gastroenterology.
1997; 113:238-248. [PubMed: 9207284]

Rathan Shetty KS, Kali A, Rachan Shetty KS. Serum total antioxidant capacity in oral carcinoma
patients. Pharmacognosy Res. 2015; 7:184-187. [PubMed: 25829792]

Renaud G, Stenzel U, Kelso J. leeHom: adaptor trimming and merging for lllumina sequencing reads.
Nucleic Acids Res. 2014; 42:e141. [PubMed: 25100869]

Rozario T, DeSimone DW. The extracellular matrix in development and morphogenesis: a dynamic
view. Dev Biol. 2010; 341:126-140. [PubMed: 19854168]

Schartl M, Kneitz S, Wilde B, Wagner T, Henkel CV, Spaink HP, Meierjohann S. Conserved
expression signatures between medaka and human pigment cell tumors. PLoS One. 2012;
7:€37880. [PubMed: 22693581]

Schartl M, Shen Y, Maurus K, Walter R, Tomlinson C, Wilson RK, Postlethwait J, Warren WC. Whole
Body Melanoma Transcriptome Response in Medaka. PL0oS One. 2015; 10:€0143057. [PubMed:
26714172]

Schartl M, Wilde B, Laisney JA, Taniguchi Y, Takeda S, Meierjohann S. A mutated EGFR is sufficient
to induce malignant melanoma with genetic background-dependent histopathologies. J Invest
Dermatol. 2010; 130:249-258. [PubMed: 19609310]

Schmidt S, Friedl P. Interstitial cell migration: integrin-dependent and alternative adhesion
mechanisms. Cell Tissue Res. 2010; 339:83-92. [PubMed: 19921267]

Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014. CA Cancer J Clin. 2014; 64:9-29. [PubMed:
24399786]

Simpson DA, Feeney S, Boyle C, Stitt AW. Retinal VEGF mRNA measured by SYBR green |
fluorescence: A versatile approach to quantitative PCR. Mol Vis. 2000; 6:178-183. [PubMed:
11023552]

Sturm RA, O’Sullivan BJ, Thomson JA, Jamshidi N, Pedley J, Parsons PG. Expression studies of
pigmentation and POU-domain genes in human melanoma cells. Pigment Cell Res. 1994; 7:235-
240. [PubMed: 7855069]

Suzuki R, Honda S, Kirino Y. PIWI Expression and Function in Cancer. Front Genet. 2012; 3:204.
[PubMed: 23087701]

Teutschbein J, Haydn JM, Samans B, Krause M, Eilers M, Schartl M, Meierjohann S. Gene expression
analysis after receptor tyrosine kinase activation reveals new potential melanoma proteins. BMC
Cancer. 2010; 10:386. [PubMed: 20663135]

Tsao H, Chin L, Garraway LA, Fisher DE. Melanoma: from mutations to medicine. Genes Dev. 2012;
26:1131-1155. [PubMed: 22661227]

Tsouko E, Khan AS, White MA, Han JJ, Shi Y, Merchant FA, Sharpe MA, Xin L, Frigo DE.
Regulation of the pentose phosphate pathway by an androgen receptor-mTOR-mediated
mechanism and its role in prostate cancer cell growth. Oncogenesis. 2014; 3:e103. [PubMed:
24861463]

Van Driel BE, Valet GK, Lyon H, Hansen U, Song JY, Van Noorden CJ. Prognostic estimation of
survival of colorectal cancer patients with the quantitative histochemical assay of G6PDH activity
and the multiparameter classification program CLASSIF1. Cytometry. 1999; 38:176-183.
[PubMed: 10440855]

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2019 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Klotz et al.

Page 14

van Groningen JJ, Klink SL, Bloemers HP, Swart GW. Expression of tissue-type transglutaminase
correlates positively with metastatic properties of human melanoma cell lines. Int J Cancer. 1995;
60:383-387. [PubMed: 7829248]

van Rooijen E, Fazio M, Zon L1. From fish bowl to bedside: The power of zebrafish to unravel
melanoma pathogenesis and discover new therapeutics. Pigment Cell Melanoma Res. 2017;
30:402-412. [PubMed: 28379616]

White RM, Cech J, Ratanasirintrawoot S, Lin CY, Rahl PB, Burke CJ, Langdon E, Tomlinson ML,
Mosher J, Kaufman C, Chen F, Long HK, Kramer M, Datta S, Neuberg D, Granter S, Young RA,
Morrison S, Wheeler GN, Zon LI. DHODH modulates transcriptional elongation in the neural
crest and melanoma. Nature. 2011; 471:518-522. [PubMed: 21430780]

Wittbrodt J, Shima A, Schartl M. Medaka—a model organism from the far East. Nat Rev Genet. 2002;
3:53-64. [PubMed: 11823791]

Yu Y, Feng YM. The role of kinesin family proteins in tumorigenesis and progression: potential
biomarkers and molecular targets for cancer therapy. Cancer. 2010; 116:5150-5160. [PubMed:
20661912]

Larkin, J., Chiarion-Sileni, V., Gonzalez, R., et al. Overall survival results from a phase Il trial of
nivolumab combined with ipilimumab in treatment-naive patients with advanced melanoma
(CheckMate-067): press conference. Proceedings from the 2017 American Association for Cancer
Research Annual Meeting; April 2 to 5, 2017; Washington DC. Abstract CT075

Web reference

https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/annual-cancer-
facts-and-figures/2017/cancer-facts-and-figures-2017.pdf (July 23, 2017).

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2019 June 01.


https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/annual-cancer-facts-and-figures/2017/cancer-facts-and-figures-2017.pdf
https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/annual-cancer-facts-and-figures/2017/cancer-facts-and-figures-2017.pdf

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Klotz et al. Page 15

Jjuvenile fish (whole body isolates) adult fish (dissected samples)

wild-type melanoma fin (wild-type) nevi exophytic melanoma

! !

RNA-Seq RNA-Seq
\ / -
Alignment (STAR) Alignment (STAR)
Calculate expected read counts (RSEM) Calculate expected read counts (RSEM)
Differential gene expression (DESeq2) — Comparison Differential gene expression (DESeq2)

Figure 1.
Workflow of data production and analyses
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Figure 2. Hierarchical clustering of juvenile wild-type and melanoma initiating medakas
Heatmap of 241 transcripts differentially expressed between juvenile wild-type and tumor

(mitf::xmrk) fish (log2FC <-1 and >+1; adjusted p-value <0.05). Columns represent
individual samples (x-axis), while rows represent differentially expressed genes (y-axis).
Heatmap color displays the z-score ranging from blue (z-score of -2 and above) to yellow
(z-score of +2 and below). The relative expression for each gene is represented by color
intensity, with blue indicating low expression and yellow indicating high expression levels.
(wt: wild-type, M: melanoma).
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Figure 3. Hierarchical cluster analysis applied to nevi and melanoma data set
Heatmap of 2728 differentially expressed genes between fin, nevi and exophytic melanoma

from adult mitf::xmrk medakas (log2FC <-1 and >+1; adjusted p-value <0.05). Columns
represent pools of several samples from fin, nevi and three individual exophytic melanoma
tumors, while rows represent differentially expressed genes (y-axis). Heatmap color displays
the z-score ranging from blue (z-score of —2 and above) to yellow (z-score of +2 and below).
The relative expression for each gene is represented by color intensity, with blue indicating
low expression and yellow indicating high expression levels. (F: fin, N: nevi, M: melanoma).
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Figure 4. Enriched KEGG pathway of Regulation of actin cytoskeleton in adult melanoma
Melanoma samples from adult fish show an increased number of regulated genes.

Upregulation: yellow colored; downregulation: blue colored.
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Figure 5. Enriched KEGG pathway of ECM-receptor interaction in adult melanoma
Members of the /aminin gene family and several integrins (81, aZ2) are upregulated (yellow

colored) and members of the collagen gene family and vwiare downregulated (blue colored)
in melanoma samples compared to nevi samples from adults. The integrins itgb6, itgaé,
ftga6-like are also downregulated (not shown in the figure).
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Figure 6. Melanogenesis pathway
Several pigmentation-associated genes like mitf, tyr, tyrpl and dctare upregulated (yellow

colored) in early and advanced melanoma.
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