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Toxicogenomics applications are increasingly applied to the evaluation of preclinical drug 
safety, and to explain toxicities associated with compounds at the mechanism level. In this 
review, we aim to describe the application of toxicogenomics tools for studying the 
genotoxic effect of active compounds on the gene-expression profile of A375 human 
malignant melanoma cells, through the other molecular functions of target genes, 
regulatory pathways and mechanisms of malignant melanomas. It also includes the current 
systems biology approaches, which are very useful for analyzing the biological system and 
understanding the entire mechanisms of malignant melanomas. We believe that this 
review would be very potent and useful for studying the toxicogenomics of A375 
melanoma cells, and for further diagnostic and therapeutic applications.
Malignant melanoma is a serious type of skin
cancer that begins in the skin’s pigmentation sys-
tem. It usually derives from the transformation
and proliferation of melanocytes that normally
reside in the basal cell layer of the epidermis and
also develops when the melanocytes no longer
respond to normal control mechanisms of cellu-
lar growth. They may then invade nearby struc-
tures or spread to other organs in the body
(metastasis), where again they invade and com-
promise the function of that organ. To enable a
better understanding of the molecular and cellu-
lar mechanisms involved in the progression of
cutaneous melanoma, human malignant
melanoma cells have been widely used as the
melanoma skin model for in vitro testing. This is
because it is a highly reproducible, quantifiable
and easily handled cell culture, a structural cell
model closely paralleled to the progression of
melanoma in vivo, and a cost-effective alterna-
tive to animal and clinical testing. The anti-
apoptotic mechanisms regulating cell death have
been implicated in conferring drug resistance to
tumor cells [1,2]; therefore, further knowledge on
the nature of this resistance and a better under-
standing of signal transduction leading to tumor
cell death could allow the identification of new
target molecules to overcome drug resistance and
improve the melanoma therapy. 

In recent years, toxicogenomics has repre-
sented the merging of toxicology with genomics
and bioinformatics, and there have been signifi-
cant practical challenges in pharmacology for
both predictive and mechanism-based toxicology
in an effort to identify candidate drugs and toxic
agents more quickly and economically [3–5].

Owing to the current development of experi-
mental approaches, this field has begun system-
atic approaches to dissect the biological basis and
genotoxic mechanisms of melanoma. The pur-
pose of this review is to describe the toxico-
genomics of A375 human malignant melanoma
cells, including genotoxic effect of drugs or com-
pounds on gene-expression profile in A375 cells,
molecular functions of targeted genes, signaling
pathways and regulatory mechanisms of tumori-
genesis or related side effects, and a better under-
standing of the entire biological system of
malignancy of melanocytic tumorigenesis
through the application of systems biology
approaches. Owing to the availability of more
data based on A375 as a preliminary model of
human skin cells and the original derivation of
these cells from skin cancer cells, this review will
also discuss the toxicogenomics of the A375 cell
line and compared it with other melanoma cells.
We believe that this review may provide a very
useful guideline and introduce some potent
approaches for genome studies of malignant
melanomas and for further pharmaceutical
applications in cancer therapy.

General pharmacological 
characterization of 
malignant melanoma
Characterization of malignant melanomas 
Malignant melanomas, characterized by their high
capacity for invasion and metastasis, are one of the
most frequent forms of skin cancer. Primary cuta-
neous melanomas have been divided into four
groups based on histopathology: superficial
spreading melanoma, nodular melanoma, lentigo
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maligna melanoma and acral lentiginious
melanoma [6]. Superficial spreading melanoma is
the most common type of melanoma and grows
outwards at first to form an irregular pattern on
the skin with an uneven color. It tends to start by
spreading out across the surface of the skin, known
as the radial growth phase. Nodular melanoma
occurs most often on the chest or back. It tends to
grow deeper into the skin – quite deeply if it is not
removed. This type of melanoma is often raised
above the rest of the skin surface and feels like a
bump. It may be very dark brown–black or black.
Lentigo maligna melanoma is most commonly
found on the faces of elderly people. It grows
slowly and may take several years to develop. Acral
lentiginious melanoma is usually found on the
palms of the hands, soles of the feet or around the
toenails. Although melanoma is almost always cur-
able in its early stage, it may be late if the melano-
mas spread to other parts of the body. The early
diagnosis of melanoma is therefore very important
and necessary to examine carefully for further
melanoma therapy. 

Effects on melanogenesis & tumor 
progression of melanomas
Many of the general risk factors for developing
melanoma include sun exposure, fair skin that
burns easily, blistering sunburn, previous
melanoma, previous nonmelanoma skin cancer
(basal cell carcinoma, squamous cell carcinoma),
family history of melanoma, large numbers of
moles and abnormal moles. In melanoma pro-
gression, different proteolytic enzyme systems,
including the plasminogen-activator system and
matrix metalloproteinases, play an important
role in the degradation and remodeling of the
extracellular matrix and basement membranes [7].
Tyrosinase is the main enzyme regulating
melanogenesis, which catalyzes three distinct
reactions in the melanogenic pathway: hydroxy-
lation of monophenol (L-tyrosine), dehydrogena-
tion of catechol (L-DOPA) and dehydrogenation
of dihydroxyindole. By contrast, catalase is the
proteolytic enzyme that regulates H2O2 removal,
in which H2O2 is a potent inhibitor of tyrosi-
nase. Peroxidase also serves to enhance eumela-
nin polymer formation from monomers in the
presence of hydrogen peroxide and metal ions,
especially copper ions, which have the greatest
enhancing effect on the conversion of monomers
to polymers [8]. Thus,  changes of enzyme expres-
sion level, including modifications in protein- and
gene-expression levels, influence melanogenesis in
melanomas. Otherwise, the complex regulatory

control of the biosynthesis machinery involved
in melanogenesis includes receptor-mediated
pathways activated by hormones, neuro-
transmitters, cytokines, growth factors and
eicosanoids as well as receptor-independent
mechanisms activated or modified by nutrients,
micromolecules, microelements, pH, cation and
anion concentrations, and the oxidoreductive
potential in the physicochemical milieu. Soluble
factors can reach their target (melanocyte) from
circulation, from release by nerve endings or
from local production to act as positive or neative
melanogenesis regulators. 

Although it is well known that malignant
melanoma is a skin cancer and can arise in the
skin anywhere on the body, melanoma can be
completely cured in the early stage by operation,
which is dependent on the vigorous spreading of
tumors. Thus, the key to successful treatment is
early diagnosis coupled with the right treat-
ments, such as chemotherapy. There are many
active compounds that have an effect on the cell
cytotoxicity of malignant melanoma cells and
may be used as potent drugs for further therapy
(Table 1). Although chemotherapy drugs can kill
cancer cells, they may damage some normal cells
and cause side effects that include effects on
other cellular and molecular mechanisms in the
melanoma system. These side effects depend on
the type of drugs used, the amount taken and the
length of treatment. Thus, the use of drugs in
chemotherapy should be carefully considered for
the stage of tumor and its spreading. 

Genomic analysis of gene-expression 
profiles in A375 cells 
Gene-expression profile analysis 
by microarray 
The high-throughput technology of DNA micro-
array is a powerful tool uniquely selected for
genomic research by allowing the study of the
function of thousands of genes simultaneously,
showing differential gene-expression profiles, and
elucidating the exact mechanisms and defects in
genetic aberrations. Recently, many microarrays
have been used to analyze gene-expression profiles
of human melanomas (Table 2). However, only a
few microarray analyses of gene-expression profile
in A375 cells have been reported. For example,
the metastasis of A375 cells has been studied in
nude mice by microarray analysis [9]. When the
pulmonary metastases of nude mice that were
injected intravenously with amelanotic human
A375 tumor cells were analyzed by oligo-
nucleotide microarrays (human: 7070 genes;
Pharmacogenomics (2007)  8(8) future science groupfuture science group
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Table 1. Effect of ac
melanoma cells.

Compound

Apomine

(Bu2Sn)2TPPS; 
(Bu3Sn)4TPPS 

Camptothecin

Dimethylfumarate 

Endothelin-1

Epicatechin, 4β-
(S-cysteinyl)catechin 
3-O-gallate (Cys-ECG); 
epigallocatechin-3-galla

Erianin

Evodiamine

Ginsenoside Rh2 

Heparin

iv.: Intravenous; SCID: Seve
tive compounds on cell cytotoxicity of A375 human malignant melanoma cells and other 

Description Action on melanoma cells Ref.

Biphosphonate ester Induces cell death in A375 cells through a novel 
membrane-mediated mechanism that is independent of 
caspase-3 activation

[51]

Diorganotin (i.v) and triorganotin 
(i.v)-meso-tetra (4-sulfona 
tophenyl) porphine derivatives

Induces cell death in A375 cells by activating caspase-8 
and caspase-9 leading to caspase-3 activation

[52]

Induces phototoxicity in G361 human 
melanoma cells

[53]

Quinoline-based alkaloid found in 
the barks of the Chinese 
Camptotheca tree and the Asian 
Nothapodytes tree

Induces apoptosis in A375 cells [54]

Inhibits proliferation of BRO malignant melanoma cells 
in vitro, induces apoptosis by traversing S–G2 phase, 

results in dramatic morphological cellular changes

[55]

Inhibits migration of B16F10 melanoma cells, inhibits 
adhesion of B16F10 to fibronectin and laminin, exhibits 
the antiangiogenesis effect in the chicken chorioallantoic 
membrane model

[56]

Fumaric acid ester Inhibits proliferation of A375 melanoma cells, arrests the 
cell cycle at the G2–M boundary, acts as proapoptotic, 

reduces proliferation rates of tumor cells

[57]

Peptide Induces apoptosis of A375 melanoma cells by inhibiting 
serum-dependent growth of asynchronized A375 cells

[58]

Promotes invasive behavior via hypoxia-inducible 
factor-1α in human melanoma cell lines 1007 and M10 
derived from metastatic lesions

[59]

Inhibits B-16 murine melanoma cell migration by 
decreasing K+ currents

[60]

te

Catechin derivatives or antioxidant 
cysteinyl–flavanol conjugates

Reduces cell viability in A375 and Hs-294T melanoma 
cells, induces cell-cycle arrest and apoptosis of melanoma 
cells mediated via modulations in the cki–cyclin–cdk 
network and Bcl2 family proteins

[61]

Reduces cell proliferation of human melanoma cell lines 
(A375 amelanotic malignant melanoma and Hs-294T 
metastatic melanoma), induces apoptosis of melanoma 
cells, inhibits the colony-forming ability of melanoma 
cells

[62]

Inhibits the cell adhesion of B16 murine melanoma cells [63]

2-methoxy-5-[2-(3,4,5-trimethoxy-
phenyl)-ethyl]-phenol

Causes moderate growth delay in xenografted human 
melanoma cell line A375

[64]

Quinozole alkaloid constituent of 
Evodia rutaecarpa

Induces A375-S2 cell death dose- and time-dependently [65]

Plant glycoside (natural product 
from Panax ginseng)

Suppresses the growth of A375-S2 cells in vitro by 
inducing apoptosis

[66]

Induces G1 arrest and concomitantly suppresses the Cdk2 
activity in B16 murine melanoma cells and carcinogen-
susceptible BALB/c 3T3 A31-1-1 and A31-1-13 cell lines

[67]

Anticoagulant Inhibits metastasis by blocking the P-selectin-based 
interaction of platelets with A375 cells

[68]

Inhibits lung colony formation and liver metastasis 
development in SCID mice treated with HT168-M1 
melanoma cells

[69]

Inhibits melanoma metastasis of B16F1 melanoma cells [70]

re combined immunodeficiency; TRAIL: TNF-related apoptosis-inducing ligand.
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Resveratrol

Sodium ascorbate

Table 1. Effect of ac
melanoma cells. (co

Compound

iv.: Intravenous; SCID: Seve
mouse: 6347 genes, with approximately 50%
overlap in the genes represented), a pattern of
gene expression correlating with progression to a
metastatic phenotype was observed, and 15 out of
16 genes continued to show enhanced expression
when metastatic A375 cells were grown as a sub-
cutaneous tumor, indicating that the expression of
these genes is intrinsic to the metastatic cells. Oth-
erwise, the enhanced expression of several genes,
such as RhoC, fibronectin, two collagen subunits,
α2(I) and α1(III), matrix Gla protein, fibromodu-
lin, biglycan and thymosin-β4, involved in extra-
cellular matrix assembly and of a second set of
genes that regulate the actin-based cytoskeleton.
Otherwise, the microarray has been used to assess
the global expression profiles in A375 cells
exposed to β-carotene and the overall numbers of
differentially expressed genes were 140 upregu-
lated genes and 570 downregulated genes [10]. The
effect of β-carotene suppressed vital cellular func-
tions that are correlated with the expression of the
proapoptotic BCL2-associated X protein (BAX),
which was upregulated in A375 cells. However,
the results of microarray and real-time PCR indi-
cated that β-carotene-induced expression changes
of BAX and other BCL2 pathway genes did not
lead to the predicted induction of apoptosis in the
A375 cells. 

On the other hand, we have used DNA micro-
arrays to investigate the genotoxic effects of skin-
whitening agents, such as kojic acid and arbutin,
on the differential gene-expression profile in A375
cells through its effect on melanocytic tumorigen-
esis for cancer therapy and other related side
effects (Figure 1). The overall numbers of up- and
down-regulated genes were 136 out of 225 and 88
out of 236 for kojic acid-treated A375 cells and
arbutin-treated A375 cells, respectively [11,12]. The
gene ontology (GO) of differentially expressed
genes provided more understanding of the genetic
basis of metabolic and cellular responses in tumor-
igenesis of human skin cancer. Interestingly, seven
downregulated genes in kojic acid-treated A375
cells (APOBEC1, ARHGEF16, CD22, FGFR3,
GALNT1, UNC5C and ZNF146) and four
downregulated genes in arbutin-treated A375 cells
(AKT1, CLECSF7, FGFR3 and LRP6) served as
candidate genes and correlated to suppress the
biological processes in the cell cycle of cancer pro-
gression. The differentially expressed genes may
become useful markers of skin malignant
melanoma for further diagnostic and therapeutic
applications. Although DNA microarrays have
become important in genomic research of
melanomas, and are used to rapidly analyze thou-
sands of expressed genes, they are still effective in

Polyphenol Inhibits cell growth and induces apoptosis in A375 and 
SK-Mel28 cells, induces phosphorylation of ERK1/2 in 
A375 but not in SK-Mel 28 cells

[71]

Induces G1 arrest in melanoma cells (SK-Mel and Colo38) 

that are associated with downregulation of surviving 
expression and sensitization for TRAIL-induced apoptosis

[72]

Inhibits cell proliferation of autologous human melanoma 
Line IV clone 1 and clone 3 cells, which were originally 
established from a primary malignant melanoma lesion

[73]

Vitamin C Induces cell-cycle arrest at G1/S phase and apoptosis in 
the A375.S2 cell line in a dose-dependent manner
Induction of apoptosis involved an increase in the levels 
of p53, p21 and cellular Ca, and a decrease in 
mitochondrial membrane potential and activation of 
caspase 3, before culminating in apoptosis in sodium 
ascorbate-treated A375.S2 cells

[74]

Induces apoptosis in B16 murine melanoma cells via the 
downregulation of transferin-receptor dependent iron 
uptake (appear to be initiated by a reduction of total 
fertility rate expression, resulting in a downregulation of 
iron uptake followed by an induction of apoptosis) and a 
caspase-8-independent pathway

[75,76]

tive compounds on cell cytotoxicity of A375 human malignant melanoma cells and other 
nt.)

Description Action on melanoma cells Ref.

re combined immunodeficiency; TRAIL: TNF-related apoptosis-inducing ligand.
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Toxicogenomics of A375 human malignant melanoma cells – REVIEW
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combination with the bioinformatic tools and
quantitative analysis for validating the gene
targets, studying the biological functions
through the mechanisms and understanding
the pathogenesis of malignant melanoma. 

Advanced genomic approach & 
quantitative analysis of differentially 
expressed genes
Although several studies have evaluated the use
of PCR amplification of tyrosinase mRNA to
detect melanoma cells in blood [13–15], the
application of this technique for patients with
solid malignancies is still under debate because
of the inconsistent reports on the detection of

melanoma cells in peripheral blood by reverse-
transcriptase-PCR have resulted in uncertainty
on the prognostic value of circulating
melanoma cells. Quantitative PCR or quantita-
tive real-time PCR are further-developed tech-
niques that are both more sensitive and faster
methods of measuring gene expression. It
allows one to not only quantify the level of
expression of melanoma markers but also assess
sample quality [16]. The development of quan-
titative PCR has eliminated the variability
traditionally associated with quantitative PCR,
thus allowing the routine and reliable quanti-
tation of PCR products. Another potential
application of quantitative real-time PCR for

Figure 1. Genomic analysis platform of A375 human malignant melanoma cells 
exposed to drugs or skin agents. 

  A375 cells (control) Drug-treated A375 cells (treatment)

Cell viability and cytotoxicity test

RNA preparation
(RNA isolation and target labeling)

DNA microarray

Quality control
(qualification and quantification)

Gene-expression profiling

Data analysis

Differentially expressed genes

Database search

Validation 
(RT-PCR, RT-qPCR, northern blot)

Signaling pathways and mechanisms

Including:
• Gene ontology
• Category classification
• Protein search
• Correlation with biological functions
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melanoma markers is the assessment of marker
expression as an inclusion criterion and during
follow-up in studies of gene therapy. 

RNAi is a process of sequence-specific post-
transcriptional gene silencing initiated by
dsRNA homologous with the target gene, result-
ing in null or hypomorphic phenotypes [17]. The
selective and robust effect of RNAi on gene
expression makes it a valuable research tool, both
in cell culture and in living organisms; synthetic
dsRNA introduced into cells can induce suppres-
sion of specific genes of interest. RNAi may also
be used for large-scale screens that systematically
shut down each gene expressed in the cell, which
can help to identify the components necessary
for a particular cellular process or an event such
as cell division. This technique was used to
inhibit the growth and invasive ability of ten
melanoma cell lines, including A375 melanoma
cells, by inactivation of mutated v-raf murine
sarcoma viral oncogene homolog B1 (BRAF)
with lentivirus-mediated RNAi. The results dem-
onstrated that RNAi inhibited the growth of
most melanoma cell lines in vitro as well as
in vivo, which was accompanied by a decrease of
both RAF protein and ERK phosphorylation [18].
In addition, the results clarified that the mutated
BRAF is essentially involved in the malignant
phenotype of melanoma cells through
Ras–Raf–MEK–ERK (MAPK) activation and is
an attractive molecular target for melanoma
treatment. Likewise, the tetracyclin-inducible
shRNAi method was directly used to test the
antitumorigenic effect in vivo of BRAF inhibi-
tion on melanoma tumor progression in A375
cells [19]. Using an RNAi approach, oncogenic
BRAF was shown to be causally involved in
tumor growth, and key questions were addressed
regarding the contribution of this oncogene to
tumor growth, maintenance and resistance to
apoptosis. In addition, RNAi technology was
successfully used to knock down the expression
of CD147 in A375 melanoma cells in an effort
to explore the role and mechanisms of CD147 in
the progression of malignant melanoma [20].
Interestingly, CD147-targeting siRNA could sig-
nificantly downregulate the CD147-mRNA
level in melanoma cells and then inhibit their
proliferation, invasiveness and metastatic activity
in vitro and in vivo. It is indicated that highly
expressed CD147 on the surface of melanoma
cells plays an important role in the invasiveness
and metastasis of malignant melanoma. More-
over, the delivery of siRNA directed against vas-
cular endothelial growth factor (VEGF) has been

studied and shown not only to provide efficient
and specific downregulation of VEGF expres-
sion, inhibit proliferation of A375 cells and
induce apoptosis of A375 cells in vitro, but also
to suppress growth of malignant melanoma
in vivo [21]. Therefore, RNAi is a very useful and
attractive technique for functional genomic
studies of melanoma cells and exploitation in
gene therapy. 

In addition, PCR amplification and RNAi
techniques are not only used for validation of
melanoma gene targets from microarray data,
but other contemporary scientific methods,
such as laser-capture microdissection [22], com-
parative genomic hybridization [23], SNP analy-
sis [24] and chromatin immunoprecipitation [25],
can also be combined with microarray to create
entirely new fields of interest in the more global
quest to better define the molecular basis of
malignancy of melanoma.

Systems biology approach for integrating 
toxicogenomics in A375 cells 
Although gene-expression profile using DNA
microarrays or other genomic techniques holds
great promise for identifying genes that may play
an important role in biological systems, this
approach has some significant limitations. The
most obvious limitation is not directly affected
by the mRNA profiles created by DNA micro-
array but indirectly by the protein products of
these mRNAs. Although changes in mRNA lev-
els may be surrogates for changes in the respec-
tive protein levels, studies have shown that
protein levels often do not correlate with mRNA
level and one gene or one mRNA does not neces-
sarily correlate with one protein [26–28]. Another
limitation of gene-expression profile is that the
functions of proteins are often regulated by post-
translational modifications. Many mRNAs are
known to be differentially spliced and generate
different protein entities. Therefore, the inte-
gration of genomics tools with proteomics and
bioinformatics tools is very important and
potentially useful for analyzing the systematic
changes in melanoma cells, leading to a better
understanding of biological systems in
developmental toxicology. 

Proteomic analysis for emerging 
approaches in toxicogenomics
At present, proteomics tools produce a global
view of complex biological systems by examin-
ing complex protein mixtures using large-scale
and high-throughput technologies. Proteomics
1025www.futuremedicine.com
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tools have been used to study the protein-
expression profiles in malignant melanoma
cells, as summarized in Table 3. However, there
is only one report that studied the proteomic
analysis in A375 cells [29]. Using 2D electro-
phoresis (2DE) and MS analyses, 24 proteins in
A375 cells have been identified. Some chaper-
ones and heat-shock proteins (HSPs), such as
HSP90β, protein disulfide isomerase A6,
Hsc70-interactering protein with three tetratr-
icopeptide-repeat domains, FK506-binding
protein 4, peptidyl-prolyl-cis-transisomerase A
and endoplasmic reticulum protein 29, have
been identified and play important roles in
tumor biology, and still are holding centre stage
of tumor progression. Alterations in the protein
expressions of chaperones and HSPs that occur
following drug treatment or environmental
stresses serve as oncogenes or biomarkers that
can provide useful information regarding the
mechanism of cell protection under harmful
conditions through tumor progression or sup-
pression for cancer therapy. Furthermore,
α-enolase, cytokeratin, stathmin, tropomyosin,
Cu/Zn superoxide dismutase, nucleoside
diphosphate kinase A, galaptin and triosephos-
phate isomerase showed some post-translational
modifications and played important roles in the
tumorigenesis of melanoma cells [30]. Recently,
we used the 2DE to compare the protein-
expression profiles between A375-cell controls
and A375 cells treated with kojic acid or arbu-
tin, and the 2DE results revealed varying pro-
tein patterns among groups. Although it is a
preliminary result and the differentially
expressed proteins have not yet been identified,
the differential protein expressions can provide
information regarding the effect of compounds
on protein expression in A375 cells, which may
be useful for comparative and integrative analy-
sis with the microarray data. Therefore, the
proteomic tools used in protein separation,
quantification and identification are not only
used for studying protein-expression levels,
they are expanding rapidly to integrate genome
analysis to help understand the multifaceted
nature of biological systems.

Bioinformatic tools for investigating GO & 
mechanism of genotoxicity
Owing to the numerous data in genome and
proteome analyses and the lack of strong data
interpretation and organization, the bio-
informatic tools of genome and proteome stud-
ies are necessary to develop many software and

database systems to automate these higher level
organizational tasks, which are used for analyz-
ing complex samples and organizing the data in a
biological context. According to our experiences
in microarray data analysis and other related
researches in proteomic analysis, we would like
to introduce the useful bioinformatic tools that
include databases combining genome and pro-
teome with completed analytical information
and used for searching the GO and category
classification, protein information, pathways and
interactions, and related toxicogenomics (Table 4).
Of these databases, Bulk Gene Search System for
Java (BGSSJ) is one of the most interesting pro-
grams established in our laboratory that is able to
classify the expressed genes from DNA microar-
rays. BGSSJ is a searching system accomplished
by open-database connectivity, UniGene data-
base and Gene Ontology knowledgebase. We
have used the BGSSJ program to search the GO
of the gene numbers from kojic acid- or arbutin-
treated A375 cells, which were classified accord-
ing to cellular component, molecular function
and biological process [11,12]. Conversely, Bulk
Gene Search System (BGSS) is also a searchable
database for protein classification. It is com-
posed of the UniGene, LocusLink and Pro-
teome databases, and can be easily used to find
the associated protein functions and related
information in worldwide databases by applying
only accession numbers. BGSS can be incorpo-
rated with  the BGSSJ program to search the
gene annotation that identified from DNA
microarray and their biological functions. The
combination of both search-engine programs is
very useful and effective for correlating genome
and proteome information, allowing greater
understanding of the systems biology of
melanoma cells. 

On the other hand, there are two new toxico-
genomics databases: the Comparative Toxicology
Database (CTD) and dbZACH (Zacharewski
laboratory database). CTD is the database used
for identifying interactions between chemicals
and genes and facilitating cross-species compara-
tive studies of these genes [31]. CTD provides the
major data type of nucleotide and protein
sequences, reference publications, curated genes,
gene sets, a hierarchical vocabulary of chemicals,
GO terms and organism taxonomy. CTD inte-
grates controlled, hierarchical vocabularies for
organism taxonomy (National Center for Bio-
technology Information), chemicals (National
Library of Medicine’s Medical Subject Headings
and Supplementary Concepts), and GO to ensure
Pharmacogenomics (2007)  8(8) future science groupfuture science group
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Table 4. Bioinforma

Database search

Gene ontology

National Center for Biot

Ensembl

The Institute for Genom

GeneCards

The GDB Human Genom

Ace View

T1DBase

EBI Genome

Category classification

Swiss-Prot

Bulk Gene Search System

Protein search

Swiss-Prot

Proteome

PubMed

Bulk Gene Search System

Pathway & interaction

Biocarta

Kyoto Encyclopedia of G

GeneNetwork

PubMed

Protein lounge (pathway

Protein, Signaling, Trans
Inflammation Networks 

Toxicogenomics datab

Comparative Toxicogeno

Zacharewski laboratory 
consistency in data integration, annotation, access
and interpretation. Therefore, CTD advances
the understanding of the effects of environmen-
tal chemicals on human disease. In addition, the
toxicogenomic information-management sys-
tem dbZACH is a modular relational database
with associated data insertion, retrieval and
mining tools that manages traditional toxico-
logy and complementary toxicogenomic data to
facilitate comprehensive data integration, analy-
sis and sharing [32]. It consists of four core sub-
systems (i.e., clones, genes, sample annotation
and protocols), four experimental subsystems
(i.e., microarray, Affymetrix, real-time PCR and
toxicology) and three computational subsystems
(i.e., gene regulation, pathways and orthology)
that comply with the minimum information
regarding a microarray experiment standard.
Therefore, both databases are very useful for the
toxicogenomic study of human diseases. 

Genotoxic functions & correlated 
signaling pathways in A375 cells
Genotoxic functions of targeted genes in 
A375 cells 
In the previous study of toxicogenomic effect of
kojic acid and arbutin on gene-expression pro-
files in A375 malignant melanoma cells, seven
downregulated genes in kojic acid-treated A375
cells and four downregulated genes in arbutin-
treated A375 cells were shown to be highly
related to the regulation of tumorigenesis and
served as tumor suppressor genes in melanoma
cells. For example, the APOBEC1 gene down-
regulated by kojic acid led to suppression of
cytidine deamination and generated inappro-
priate polypeptides, dominant–negative pro-
teins or mutations in tumor suppressor genes
and thus contributed to the tumor-formation
process [33]. Rho guanine exchange factor
(ARHGEF) 16 is one of multiple GEF members

tics tools for studying the genome and proteome of malignant melanoma cells.

Source

echnology Information (NCBI) www.ncbi.nlm.nih.gov

www.ensembl.org

e Research www.tigr.org

www.genecards.org

e Database www.gdb.org/

www.ncbi.nlm.nih.gov/IEB/Research/Acembly/index.html

http://t1dbase.org/cgi-bin/dispatcher.cgi/Welcome/ display

http://www.ebi.ac.uk/genomes/

 of genes

www.expasy.ch/sprot

 for Java http://servx8.sinica.edu.tw/bgss-cgi-bin/gene.pl

www.expasy.ch/sprot

www.proteome.com/databases/HumanPD/reports

www.ncbi.nlm. nih.gov/PubMed

http://servx8.sinica.edu.tw/bgss-cgi-bin/protein.pl

www.biocarta.com

enes and Genomes (KEGG) www.genome.ad.jp/kegg/pathway.html

http://genenetwork.sbl.bc.sinica.edu.tw

www.ncbi.nlm. nih.gov/PubMed

 and interaction) www.proteinlounge.com/inter_home.asp

criptional Interactions and 
Gateway

http://pstiing.licr.org/search.jsp

ase

mics Database http://ctd.mdibl.org/

database (dbZACH) http://dbzach.fst.msu.edu/
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Table 5. Partial targ

Target

Stat3, Stat5

TEL (ETV6)

A3 adenosine
receptor

TGF-β1

IL-1β

IL-2

PTEN

Angiogenin

BRAF

ETV: Ets variant; TEL: Trans
that have a crucial role in activating small
GTPases by exchanging GDP for GTP and reg-
ulating various cellular functions that directly
link to the Rho GTPase signaling pathway [34].
The ARHGEF16 gene is downregulated by
kojic acid and may suppress the tumor progres-
sion of A375 cells. FGF receptor 3 (FGFR3) is
one of four high-affinity tyrosine kinase recep-
tors for the FGF family of ligands. Upon ligand
stimulation, it undergoes dimerization and
tyrosine autophosphorylation, resulting in cell
proliferation or differentiation. This process is
passed through the MAPK and phospholipase
Cγ signal transduction pathways [35]. The inhi-
bition of FGFR3-induced differentiation and
apoptosis in multiple myeloma and served as an
oncogene that contributed to tumor progres-
sion in multiple myeloma, including breast
cancer [36]. Furthermore, we also present the
targeted genes/proteins and essential factors
that play crucial roles in A375 melanoma cells
in Table 5. 

Correlated signaling pathways in
A375 cells
In melanoma, both the MAPK and the PI3K-
AKT (AKT) signaling pathways are constitu-
tively activated through multiple mechanisms,

and thus exert several key functions in
melanoma development and progression [37].
According to our previous results, we have
proposed the hypothetical model of signaling
pathways of arbutin-responsive genes (AKT1,
FGFR3 and LRP6) in A375 cells, which were
correlated with the major signaling pathways
(AKT, RAS, MAPK and WNT) in cell-cycle
processes including proliferation, survival, dif-
ferentiation, apoptosis and malignant melano-
genesis and tumorigenesis (Figure 2). AKT1 was
normally activated via the AKT signaling
pathway that correlated with the upstream sig-
naling pathways of RAS, MAPK, MEK and
ERK [38,39]. FGFR3 was correlated with several
pathways, such as the MAPK, phospholipase
Cγ, RAC1 and AKT signaling pathways [40].
LRP6 was correlated with WNT and MAPK
signaling pathways [41,42]. Thus, the down-
regulation of these genes may lead to the
suppression of cell proliferation, survival, dif-
ferentiation and apoptosis of the arbutin-
treated A375 cells. Therefore, the correlation
of arbutin-responsive genes with many signal-
ing pathways, as shown in the hypothetical
model, provided a clearer understanding of the
arbutin-suppression effect on the malignancy
of melanocytic tumorigenesis.

eted genes/proteins and essential factors in A375 melanoma cells.

Type Genotoxic effect Ref.

Transcription factor Induces A375 cell proliferation, tumor formation 
and progression 

[94,95]

Signal transducer and 
activator of Stat3

Inhibits the Stat3 signaling pathway [94]

Receptor agonist Inhibits cell proliferation via phosphatidylinositol 
3-kinase/Akt-dependent inhibition of the extracellular 
signal-regulated kinase 1/2 phosphorylation in A375 cells

[96]

Proangiogenic factor Promotes angiogenesis, growth and metastasis of
human melanoma

[97]

Proinflammatory cytokine Induces endogenous IL-1β production, enhances cleavage of 
caspase downstream substrates and promotes 
mitochondria-mediated apoptosis in A375-S2 cells

[98]

Proinflammatory cytokine Induces the proliferation rate of A375 cells, which was 
associated with an increase in glutathione levels, the 
enhancement of IL-2Rα expression and the endogenous 
production of IL-2 in these tumor cells

[99]

Tumor suppressor gene Involved in the inhibition of focal adhesion formation, cell 
spreading and migration, as well as the inhibition of growth 
factor-stimulated MAPK signaling

[100]

Tumor angiogenic factor Essential for melanoma progression and metastasis of 
A375 cells

[101]

Oncogenic gene Regulates tumor growth and maintenance in A375 cells [102]

location ets leukemia.
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To understand the regulatory mechanisms of
A375 melanoma cells, we thus described the
major signaling pathways that correlated with
the cellular response of A375 cells treated with
arbutin. There are many correlated signaling
pathways, such as AKT, RAS, MAPK, ERK and
WNT. The AKT signaling pathway regulates the
functional and therapeutic significance in malig-
nant melanoma [43]. AKT kinase family mem-
bers Akt1/PKBα, Akt2/PKBβ and Akt3/PKBγ,
share extensive structural similarity and perform
common, as well as unique, functions within
cells. The AKT signaling pathway initiates at the
cell surface when growth factors or other extra-
cellular stimuli activate PI3K. Activated PI3K
generates a lipid second messenger, phosphati-
dylinositol-3,4,5-triphosphate (PIP3), causing
translocation of AKT to the plasma membrane
where it becomes phosphorylated and activated.
The balance of cellular PIP3 is regulated prima-
rily by a phosphatase called phosphate and tensin
homolog 10 (PTEN) that reduces PIP3 levels,
thereby lowering AKT activity. In melanomas,
decreased PTEN activity elevates PIP3 levels,
resulting in AKT activation. Active AKT then
phosphorylates downstream cellular proteins
that promote melanoma cell proliferation and
survival. Recently, Akt3 was discovered to be the
predominant isoform activated in sporadic
melanomas and its level of activity is increased
during melanoma progression, with metastatic
melanomas having the highest activity. Targeted
reduction of Akt3 activity decreased survival of
melanoma tumor cells, leading to inhibition of
tumor development, which may be therapeuti-
cally effective for shrinking tumors in
melanomas. 

The RAS signal-transduction pathway is
important for the genesis of melanoma. RAS
functions downstream of several receptor tyro-
sine kinases and MAPK pathways. This pathway
includes BRAF and contributes to the control of
cellular proliferation by RAS, in particular the
control of malignant cell proliferation by acti-
vated RAS [44]. RAS also controls the
PI3K–PTEN–AKT pathway, as RAS directly
binds the catalytic subunit of PI3K, resulting in
apoptosis. RAS activation contributes not only
to growth advantage, transformation and apop-
tosis, but also to tumor maintenance. Thus, the
deactivation of the RAS signaling pathway leads
to blockage of the other signal transduction
pathways and suppression of the melanoma pro-
gression. In addition to inhibition of this path-
way, there are numerous inhibitors of the

RAS–MAPK signal transduction, such as signal-
transduction pathway inhibitors (sorafenib,
CCD-779 and PD032591), those conferring
resistance to apoptosis (oblimersen sodium), pro-
teasome inhibitors (bortezomib), histone
deacetylase inhibitors (MS-275), antiangio-
genetic drugs (thalidomide) and integrin-recep-
tor inhibitors (vitaxin) [45]. Those are useful
inhibitors and can be used for melanoma therapy. 

The MAPK signaling pathway is frequently
activated in human cancers, leading to malig-
nant phenotypes such as autonomous cellular
proliferation [46]. With mutually exclusive muta-
tions in RAS and BRAF, the MAPK signaling
pathway is constitutively activated in over 85%
of cases of malignant melanoma, indicating the
importance of this pathway in melanoma
development [47]. MAPK signaling is also impor-
tant in the regulation of cytokine signaling path-
ways. Although the MAPK signaling pathway
has not yet been fully accredited as a melanoma
target, the inhibition of MAPK signaling may
provide a therapeutic strategy for the prevention
and treatment of melanoma.

The ERK signaling pathway is downstream of
the RAS/RAF/MEK pathways. The high consti-
tutive ERK activity in melanoma is most likely a
consequence of mutations in upstream compo-
nents of the MAPK pathway [48]. There are at least
two pathways whereby growth factors can activate
ERK in melanoma. The first classical pathway,
utilized by receptor tyrosine kinases, involves
direct activation of the RAS/RAF pathway. The
second pathway, used by G-protein-coupled
receptors, involves the prior activation of ade-
nylate cyclase, leading to increased intracellular
cAMP and activation of RAS through a novel
cAMP-driven exchange factor. The increased
activity of ERK is implicated in rapid melanoma
cell growth, increased cell survival, and resistance
to apoptosis, and may also be a major driving
force behind the highly metastatic behavior of
melanoma through increased invasiveness of
melanoma (matrix degradation and regulation of
cell adhesion). 

The WNT signaling pathway is involved in
various cellular activities, including determina-
tion, proliferation, migration and differentia-
tion in melanoma cells [49]. WNT ligands may
activate one of three pathways, the canonical
pathway, involving β-catenin (WNT/β-catenin
pathway), the planar cell-polarity pathway and
the WNT/calcium pathway. Aberrant activa-
tion of these pathways can lead to the develop-
ment and progression of melanomas. The
Pharmacogenomics (2007)  8(8) future science groupfuture science group
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WNT/β-catenin pathway plays the important
and more specific role in melanoma because
several components of the WNT/β-catenin
pathway, such as adenomatous polyposis coli,
inhibitor of β-catenin and T cell factor, lymphoid
enhancer binding factor 1 and β-catenin, are
modified in melanoma tumors and cell lines,
leading to activation of this signaling [50].
Indeed, β-catenin is found in approximately
30% of human melanoma nuclei, indicating a
potentially specific role for this pathway in
tumor progression. It can induce ubiquitous
genes (myc or cyclinD1), cell lineage-restricted
genes (Brn2) and melanocyte-specific genes
(Mif-M and Dct). All of these genes play a critical
role in melanocyte survival, proliferation and
differentiation. Furthermore, Wnt5a also
enhances the invasiveness of melanoma cells.
Thus, the deactivation of this pathway may
suppress the tumorigenesis of melanoma cells. 

Expert commentary
Although toxicogenomics is an attempt to use
genomics and bioinformatics tools to understand
the physiological basis for a toxic event based on
an analysis of transcriptional, translational or
metabolomic profiles, these studies are still com-
plicated by nontoxic adaptive responses and
other influent factors that are proximally related
to the toxic event. Many toxicogenomics tools
and the interpretation of numerous data are cru-
cial, and must be organized and performed well
in order to promote wider acceptance of toxicog-
enomics approaches and obtain the reliable bio-
logical meaning for understanding the genotoxic
mechanism and carcinogenesis in melanomas
and through further therapeutic applications.
The experimental conditions should be well
defined and the quality control at each step of
experiments should be thoroughly examined for
obtaining standardization, and thus providing
reproducible and reliable data. Meanwhile, the
quantitative analysis of differentially expressed
genes or gene markers is also required for validat-
ing the targeted genes compared with the corre-
sponding experimental data. In this review, we
demonstrated an example of toxicogenomic anal-
ysis platform using microarray and bioinformatic
tools to explore the genotoxic effect of kojic acid
or arbutin on the differential gene-expression
profile in A375 malignant melanoma cells
through its effect on tumorigenesis and related
side effects. Using our toxicogenomics
approaches, the GO of differentially expressed
genes was classified by which GO provided more

understanding of the genetic basis of metabolic
and cellular responses in melanoma cells, and
those genes also led to an exploration of more
valuable data in the regulation of melanoma car-
cinogenesis. Although this platform can be used
as the standard procedure or strategy for other
genotoxic studies, the development of experi-
mental approaches capable of differentiating a
wide range of genotoxic mechanisms is still
required to significantly improve risk assessment
and reduce the initial cost and time consumption
for individual analysis. The integration of all
approaches will have a great impact on biological
discovery in the systems biology of malignant
melanomas, and has an important role in further
melanoma studies and its pharmaceutical ther-
apy. In addition, the integration of systems biol-
ogy approaches, including proteomics and
metabolomics tools, will be helpful for biological
discovery in the systems biology of malignant
melanomas, and will improve the overall under-
standing of mechanisms of toxicity and disease
etiology. In this regard, it may be argued that
only one cell line of A375 cells is not a model for
all melanomas. In fact, multiple cell lines used
can provide many significant and convincing
data; if many cell lines are used the variability of
genetics is reduced. Nevertheless, it is dependent
on the purpose and direction of studies. Only
one cell line with the appropriate purpose and
study can give the significant data that may be
used as preliminary data for further analysis and
validation. Owing to the availability of the A375
cell line as a human skin model and its derivation
from a cancer cell line, the A375 cell line is gen-
erally used as a preliminary model for studying
the genomic effects against potent drugs or com-
pounds, including anticancer compounds and
skin-whitening agents. However, future studies
on the genotoxic effect of compounds on the
biological and molecular mechanisms of human
skin cells by in vivo test and the assessment of
drug response are necessarily required for further
therapeutic applications. 

Future perspective
The applications of advanced techniques in
genomic research and bioinformatic tools make
toxicogenomics in A375 malignant melanoma
cells possible, and these approaches will enable
us to gain a better understanding of the cellular
responses at the gene-expression level corre-
sponding to the drug treatment. Although these
approaches provide the new candidate genes
and some correlated pathways, the additional
1033www.futuremedicine.com
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validations of target genes and their biological
functions need to be investigated. More prospec-
tive studies of correlated pathways and disease
mechanisms are necessary. However, the
advanced toxicogenomic approaches that inte-
grate with the systems biology approaches and

are promising to explore the novel view of sys-
tems biology still depend on many risk factors in
disease development and progression. Finally,
the candidate genes can potentially be genomic
biomarkers for skin cancer and may be useful for
further diagnostic and therapeutic applications 
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