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Epigenetic reprogramming as a key contributor
to melanocyte malignant transformation
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Melanoma progression requires deregulation of gene expression by currently uncharacterized epigenetic mechanisms.
A mouse model based on changes in cell microenvironment was developed by our group to study melanocyte malignant
transformation. Melanoma cell lines (4C11- and 4C11+) were obtained as result of 5 sequential anchorage blockades
of non-tumorigenic melan-a melanocytes. Melan-a cells submitted to 4 de-adhesion cycles were also established (4C),
are non-tumorigenic and represent an intermediary phase of tumor progression. The aim of this work was to identify
factors contributing to epigenetic modifications in early and later phases of malignant transformation induced by
anchorage impediment. Epigenetic alterations occur early in tumorigenesis; 4C cell line shows changes in global and
gene-specific DNA methylation and histone marks. Many histone modifications differ between melan-a, 4C, 4C11- (non-
metastatic melanoma cell line) and 4C11+ (metastatic melanoma cell line) which could be associated with changes in
gene and microRNA expression. These epigenetic alterations seem to play a key role in malignant transformation since
melanocytes treated with 5-Aza-2"-deoxycytidine before each anchorage blockade do not transform. Some epigenetic
changes seem to be also responsible for the maintenance of malignant phenotype, since melanoma cell lines (4C11- and
4C114) treated in vitro with 5-Aza-2'-deoxycytidine or Trichostatin A showed reduction of tumor growth in vivo. Changes
in gene expression reflecting cell adaptation to new environment were also observed. We propose a model in which
sustained microenvironmental stress in melanocytes results in epigenetic reprogramming. Thus, after adaptation, cells

may acquire epigenetic marks that could contribute to the establishment of a malignant phenotype.

Introduction

Epigenetic modifications comprise DNA methylation, histone
modifications, chromatin remodeling and mRNA silencing by
microRNAs. These mechanisms are essential to normal devel-
opment and tissue specific expression and their disruption often
lead to inappropriate gene expression, contributing to diseases
such as cancer.! Tumor cells normally present aberrant DNA
methylation patterns with specific DNA hypermethylation in
CpG islands of tumor suppressor promoters, which mostly lead
to their inactivation. Besides that, global DNA hypomethyl-
ation is also very common in cancer cells compared to normal
cells. This event is largely a consequence of DNA methylation
loss in repetitive elements which contribute to genomic instabil-
ity, transposon activation, loss of imprinting (LOI) and onco-
gene activation.”
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DNA methylation is catalyzed by DNA methyltransferases
(DNMTs), specifically DNMT1, 3A and 3B. Some studies sug-
gest that their overexpression could be responsible for hyper-
methylation of tumor suppressor promoters in tumor cells, but
until now this hypothesis is not clear.’” Posttranslational histone
modifications, such as acetylation and methylation of lysine res-
idues, have also been defined as epigenetic modifiers and have
a crucial role in the control of gene expression. Overall, lysine
acetylation is linked to gene activation whereas lysine methyla-
tion can be a marker for both gene activation, as in the case of
H3K4 trimethylation, or repression, as in the case of H3K27 and
H3K9 trimethylation. Enzymes catalyzing addition or removal
of histone marks have been found altered in cancer cells as well as
proteins responsible for identifying these histone marks.®

The interaction between DNA methylation and histone mod-
ification is crucial during development and it is also important to
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maintain cellular identity.” At early stages in development, genes
with role in embryonic development and lineage specification
present a bivalent histone modification state, which contains both
repression (trimethylated H3K27) and activation (trimethylated
H3K4) histone marks. It was also proposed that this bivalent
state is responsible for silencing these genes in stem cells while
preserving their potential to become activated during a cell differ-
entiation program.'™! When bivalent marks are resolved during
cell lineage specification, genes involved in development become
activated at the same time that genes linked to alternative devel-
opmental pathways and pluripotency genes become inactivated.
At this point, DNA methylation is also added to these regions
resulting in long-term transcriptional silencing.”? Consequently,
since DNA methylation and histone modifications are important
players in cell fate determination, it has been thought that they
may participate at the early stages of cell malignant transforma-
tion. Since epigenetic mechanisms are potentially reversible and
can change according to environmental variation (i.e., nutrition,
inflammation or any other environmental damage or insult),
aberrant epigenetic modifications caused by environmental alter-
ations early in development could lead to changes in cell identity
and behavior, originating diseases such as cancer. The hypothesis
that early epigenetic changes in tissue-specific stem cells might
provide an unifying view of cancer etiology has been described
as the “Epigenetic progenitor model of cancer”."® This hypothesis
could explain the fact that epigenetic changes are identified very
early in cell malignant transformation, and even in normal tis-
sues before tumors arise.!*'¢

Malignant melanoma is a complex disease that is influenced
by many factors, including genetic and epigenetic alterations."”
Melanoma is responsible for 80% of all skin cancer related
deaths with no effective cure for metastatic disease. Patients
diagnosed with metastatic melanoma have an overall median
survival rate of six months.”® Our group developed a mouse
malignant transformation model to address questions associ-
ated with both early and late epigenetic events in melanoma
genesis and to assess the impact of sustained stress conditions
in epigenetic patterns. Different cell lines (i.e., 4C, 4C11- and
4Cl11+) were obtained as a result of sequential cycles of anchor-
age blockade of melan-a melanocytes.” Melan-a cells for 96 h
cells submitted to two, three and four de-adhesion cycles gave
rise to three different cell lineages, named 2C, 3C and 4C,
respectively. In this study we used 4C cell line that is incapable
to form tumors in vivo, present structural chromosomal abnor-
malities and is more resistant to anoikis than melan-a cells.?*?!
Because 4C cell line presents important differences compared
to parental lineage but is still non-tumorigenic we named it as
a pre-malignant melanocyte lineage. Melanoma cell lines (i.e.,
4Cl11- and 4C11+) were obtained after five cycles of melan-a cell
line de-adhesion, followed by limiting dilution. All clones, ran-
domly chosen, were able to form tumors in vivo. However, these
melanoma cell lines presented different degree of aggressiveness
and consequently distinct capacity of promoting tumor growth.
The melanoma cell line 4C11- is non-metastatic while 4C11+
is able to form metastatic foci. These results were achieved by
determining the number of metastatic colonies in the lung after
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intravenous inoculation of 4C11- and 4C11+ cells into caudal
vein of syngeneic mice. Besides that, 4C11- melanoma cell line
takes more time to grow in vivo than 4C11+ and is less invasive
in Matrigel® than 4C11+ cell line (data not show).

Despite all characteristics described about these cell lines, it is
also important to emphasize that melan-a, 4C, 4C11- and 4C11+
cells show differences in morphology, proliferation rate, gene
and miRNA expression. Additionally, we have also shown that
anchorage-independent culture conditions provided a stressful
microenvironment to melan-a cells, with high levels of reactive
oxygen species (ROS) that seems to regulate the expression of
Dnmts and DNA methylation.?* In this work we have analyzed
global epigenetic changes in melan-a and its derived cells (4C,
4Cl11- and 4C11+) with the purpose to determine their relation-
ship with malignant transformation induced only by changes in
the cell microenvironment. In our study, changes in global and
gene specific DNA methylation and histone modifications were
identified in different steps of melanoma genesis interfering with
both gene and microRNA expression. Moreover, melan-a mela-
nocytes treated with the epigenetic drug 5-Aza-2'-deoxycytidine
(DNMT inhibitor) immediately before each de-adhesion cycle
were impaired to transform. Our main hypothesis is that anchor-
age blockade might promote epigenetic reprogramming that
change the cell phenotype facilitating the adaptation to the
new environmental conditions. Then, these reprogramming
steps could lead to other events, such as genomic instability and
changes in the expression of key genes, which could contribute to
the acquisition of a malignant phenotype.

Results

Global DNA methylation levels are altered during melanoma
genesis. In order to establish how epigenetic events are involved
in melanocyte malignant transformation and melanoma progres-
sion, the global content of DNA methylation was measured in the
respective cell lines: (a) melan-a, representing non-tumorigenic
skin melanocyte; (b) 4C, characterized as a pre-malignant stage
of melanoma; (c) 4Cl11-, corresponding to non-metastatic mela-
noma and (d) 4Cl11+, corresponding to metastatic melanoma.
Initially, the total amount of methylated cytosines in DNA was
estimated by flow cytometry using a specific antibody. Reduced
5-methylcytosine relative amounts were observed during our
model of melanoma progression (Fig. 1), with a significant
decrease in DNA methylation in pre-malignant 4C and meta-
static melanoma 4C11+ cell lines compared to melan-a melano-
cytes (Fig. 1A). Another methodology used to evaluate the global
DNA methylation content was through digestion of genomic
DNA with the enzymes Hpall and Mspl. Both enzymes have the
same restriction site but Hpall is DNA methylation-sensitive and
just digests the DNA when the CpG contained in its restriction
site is non-methylated. On the other hand, Mspl can digest the
DNA independently of the CpG methylation status. Therefore,
relative levels of DNA methylation were evaluated in the cell
lines representing different steps of melanoma genesis. Using this
approach, we observed that the relative amount of DNA meth-
ylation is reduced in 4C, 4C11- and 4C11+ when compared to
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melan-a melanocytes (Fig. 1B). Taken
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determine if the altered DNA methyl-
ation level observed during melanoma
genesis is associated to differential
expression of Dnmtl, 3a and 3b, we
have evaluated mRNA and protein
expression of these DNA methyltrans-
ferases. DNMTT1 was classically char-
acterized as the enzyme responsible
for maintenance of DNA methylation
profile during mitosis while DNMT3a
and 3b play important roles in the
establishment of new methylation pat-
terns during embryogenesis. Despite

Figure 1. Progressive global DNA hypomethylation during melanocyte malignant transformation.

(A) 5-methylcytosine (5-MeC) relative amount in the genome of cell lines representing different steps
of melanocyte malignant transformation was measured by flow cytometry using a specific antibody
against 5-MeC (Calbiochem). (B) Relative content of global DNA methylation was also analyzed by

the relation between the genomic DNA digested by the enzymes Hpall and Mspl. The methylation
status of three specific CpGs of A-repeats (C) and two CpGs in retrovirus-C repetitive sequence (D) was
determined by Ms-SNUPE in melan-a, 4C, 4C11- and 4C11+ cell lineages. S1, S2 and S3 represent each
CpG analyzed. The C lanes represent primer extension reactions incubated in the presence of only
[*2P]dCTP; T lanes represent primer extension reactions incubated in the presence of only [*’PITTP. The
percentage of methylation was determined by average of different CpG sites analyzed. In all analyses,
the average and +SE of three independent experiments is plotted. Each experiment was performed in
triplicate. For statistical analysis, a non-parametric one-way ANOVA test followed by post-test Dunnett
(A and B) or Tukey (C and D) was used. Statistical significance was established at p < 0.05. Ma: non-tu-
morigenic melan-a melanocyte lineage; 4C: pre-malignant melanocyte lineage; 4C11-: non-metastatic
melanoma cell line and 4C11+: metastatic melanoma cell line; *p < 0.05, **p < 0.01, ***p < 0.001.

the classification of maintenance or
de novo DNA methyltransferases, all
these three enzymes have a cooperative function and the disrup-
tion of the balance of their interaction can directly affect gene
expression.?

First, we have verified a significant increase of Dnm#l mRNA
and protein expression in cell lines representing different steps
of melan-a malignant transformation (Fig. 2A and D). On the
other hand, Dnmt3a mRNA and protein expression is only
altered in the 4Cl1+ metastatic melanoma lineage, with an
increased expression (Fig. 2B and E) while Dnm#36 mRNA and
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protein content were not statistically changed in the cell lines
(Fig. 2C and F).

Therefore, these results demonstrate that the expression of
DNA methyltransferases is changed during the process of malig-
nant transformation of melan-a melanocytes suggesting that
these events may contribute to the process of melanoma genesis.
Furthermore, the alterations of DNA methyltransferases expres-
sion in this model may provide a connection with the new pattern
of DNA methylation observed in 4C pre-malignant melanocyte,
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Figure 2. DNA methyltransferase expression is altered during melanoma genesis. The mRNA expression of Dnmt1 (A) Dnmt3a (B) and Dnmt3b (C) was
quantified by real time RT-PCR in cell lines representing different stages of malignant transformation of melan-a melanocytes. The charts represent
the averages of three independent experiments. For statistical analysis a non-parametric One-way ANOVA test followed by post-hoc test Tukey was
used. The significance was established at p < 0.05. The total protein level of these enzymes was evaluated by western blot, using specific antibodies
(Imgenex) for Dnmt1 (D), Dnmt3a (E) and Dnmt3b (F). The expression of Erk, nucleolin (C23) and Pcna was used as an internal control of protein ex-
tracts. Gel images are representing one of three biological replicates. Ma: non-tumorigenic melan-a melanocyte lineage; 4C: pre-malignant melano-
cyte lineage; 4C11-: non-metastatic melanoma cell line and 4C11+: metastatic melanoma cell line. **p < 0.01; ***p < 0.001.
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Figure 3. MeCP2 expression is reduced during melanoma genesis.

(A) MeCp2 protein expression was evaluated by western blot in the
lineages that mimic different steps of melanocyte malignant transfor-
mation. Erk level was used as a control of protein extracts loading. (B)
Median and +SE of the ratio between MeCP2 and Erk expression are
represented. The chart represents the averages of three independent
experiments. For statistical analysis a non-parametric One-way ANOVA
test followed by post-hoc test Tukey was used. The significance was
established at p < 0.05. Ma: non-tumorigenic melan-a melanocyte
lineage; 4C: pre-malignant melanocyte lineage; 4C11-: non-metastatic
melanoma cell line and 4C11+: metastatic melanoma cell line; *p < 0.05,
*x2p < 0,001,

4Cl11- non-metastatic melanoma and 4Cl1+ metastatic mela-
noma cell lines.

MeCP2 protein expression is significantly decreased during
the process of melanoma progression. MeCP2 is a protein that
recognizes methylated DNA. Classically, MeCP2 was described
as a factor that contributes with gene suppression, due to its func-
tion in recruiting repressive protein complexes to target genes.*®
Since we have shown global DNA methylation changes and DNA
methyltransferases expression differences during melanoma gen-
esis, our next step was to evaluate MeCP2 protein expression, in
different lines that represent the process of melan-a malignant
transformation. Using western blot, we have verified that MeCP2
expression is considerably reduced in pre-malignant 4C, in non
aggressive 4C11- and in metastatic 4C11+ lineages when com-
pared to melan-a melanocytes (Fig. 3). These results suggest that
this protein is important in cancer initiation as well as in the
maintenance of a malignant phenotype.

Histone modification changes during melanocyte malig-
nant transformation. Protein complexes involved in gene regula-
tion are constituted by DNA methyltransferases and by enzymes
that modify the histone code. Moreover, the molecules respon-
sible for epigenetic changes in DNA normally act in synergy. For
example, many histone methyltransferases (i.e., G9a, Suv39 h)
can recruit DNMTs to stably silence coding genes and repetitive
sequences.””*

The histone marks and DNA methylation determine a bio-
chemical signature that coordinate gene expression. Repressive
histone marks and methylated DNA are implicated with gene
silencing and heterochromatin and also contribute with cell
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Figure 4. Histone mark analyses during melanocyte malignant transformation. Some histone marks were analyzed during the process of melanoma
genesis. H3K4me2 mark, that could be mark for both, activation or repression, the activation marks H3K4me3 and H4K16ac and the repressive marks
H3K9me3 and H3K27me3 were investigated by western blot. Total H3 histone expression was used as protein extracts control. The charts represent
the ratio between histone marks and total H3 histone of one representative data of two independent experiments. Ma: non-tumorigenic melan-a
melanocyte lineage; 4C: pre-malignant melanocyte lineage; 4C11-: non-metastatic melanoma cell line and 4C11+: metastatic melanoma cell line; *p <
0.05; **p < 0.01, ***p < 0.001.
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differentiation. On the other hand, stem cells are characterized
by the presence of histone bivalent marks which confer plasticity
to this cell type.”” In this context, after determining the altera-
tions in DNA methyltransferase expression (Fig. 2), we have ana-
lyzed histone marks that could be contributing to the melan-a
malignant transformation.

Using western blot, we have evaluated histone marks that can
activate genes—trimethylated lysine 4 of histone 3 and acety-
lated lysine 16 of histone H4 (H3K4me3 and H4K16ac, respec-
tively); repressive histone marks—trimethylated lysine 27, and
trimethylated lysine 9 of histone 3 (H3K27me3 and H3K9me3,
respectively) and a histone mark that is involved with both gene
activation and repression—dimethylated lysine 4 of histone H3
(H3K4me2) (Fig. 4). We have verified an increase of H3K4me2,
H4K16ac and H3K27me3 marks during the progression of
melan-a malignant transformation. We have also observed an
increase in H3K4me3 mark in 4C pre-malignant melanocyte
lineage and in non-aggressive 4C11- melanoma cell line when
compared to melan-a melanocytes. This increase was followed
by a reduction in the metastatic melanoma 4Cl11+ cell line. A
similar related pattern was also observed when the H3K9me3
mark was investigated, a significant increase in 4C, 4C11- and
4Cl11+ cell lines compared to melan-a melanocytes (Fig. 4). In a
global manner, we have observed an increase in both repressive
and active histone marks on the intermediate cell lineages (4C
and 4Cl11-) in the process of melanoma genesis. Based on these
results, we could conclude that there are important epigenetic
modifications in the histone code in the initial steps of malignant
transformation of melan-a melanocytes that may influence mela-
nocyte malignant transformation.

Expression of epigenetic machinery components is altered
during melanocyte malignant transformation. Chromatin
organization is very important for gene expression control.
Chromatin structure assembly is carefully determined by enzy-
matic complexes that dictate if chromatin configuration will
be open, favoring transcription process or if it will be closed and
therefore repress transcription.®! Imbalance of chromatin remodel-
ers can disrupt nucleosome arrangement, protein expression and
contribute to cancer development. In this manner, we have evalu-
ated the expression of specific genes that are involved in chroma-
tin remodeling. The differential gene expression was evaluated by
microarray analysis, in the cell lines that represents melanoma pro-
gression (Fig. 5A). We have determined that an important number
of genes have similar expression in 4C and 4Cl11- lineages, includ-
ing histone deacetylases (HDAC7a, Sirtl), methyltransferases
(HMTs Dotll, Setd1b, Setd2, M/, Nsdl), demethylases (HDM
JaridIb), Polycomb protein (Bmil) and proteins containing methyl
binding domains (MBDs 2 and 3). On the other hand, a group of
genes had a progressive alteration in their expression during mela-
noma progression, such as histone acetyltransferase (HAT Crebbp),
deacethylases (HDACs 5 and 8, Sirt2, 4 and 5), methyltransferase
(HMT Prdm?2), demethylases (HDM JaridIc) and Polycomb pro-
tein (Cbx4) (Fig. 5A).

We have also evaluated by western blot the expression of the
proteins Ezh2 and Sirtl. These proteins are implicated in modifi-
cations of histone tails and, consequently, in chromatin structure.
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Sirtl is a histone deacetylase and Ezh2 is a histone methyltrans-
ferase. Ezh2 and Sirtl are associated with aberrant silencing of
tumor suppressor genes. EZH2 is also implicated with repression
of proteins of the epigenetic machinery, such as DNA methyltrans-
ferases.”? On the other hand, SIRT1 is able to deacetylate many
non-histone proteins such as p53.% Thus, after showing important
alterations in histone marks during the process of melan-a mela-
nocyte malignant transformation (Fig. 4), we have determined the
expression of Ezh2 (Fig. 5B) and Sirtl (Fig. 5C) during the tumor
progression of melan-a melanocytes. Our results have shown that
the expression of these enzymes increased significantly in the ini-
tial steps of melanoma genesis, represented by the cell lineages 4C
and 4Cl11-, when compared to melan-a melanocytes. The levels of
Ezh2 and Sirtl in the metastatic 4C11+ melanoma cell line were
similar to those of melan-a melanocytes.

Other gene studied was Chdl, which code for a chromatin
remodeler protein. The expression of Chdl is described as an
important factor for stem cell pluripotency factor and is related
with the maintenance of open chromatin. In human cells, Chd1
activity is linked to trimethylated H3K4 because of its capacity of
selectively bind to this histone mark.** Chdl mRNA expression
in the different lineages of melanoma model was analyzed by real
time PCR. We have observed that the expression of Chdl was
increased in pre-malignant 4C and non-metastatic melanoma
4Cl11- lineages and was reduced in the metastatic 4C11+ lineage
when compared to melan-a melanocytes (Fig. 5D).

As observed for Ezh2, Sirtl and Chdl, many alterations
observed in histone marks were also noted in the first steps of
malignant transformation (4C and 4C11- cell lineages) (Fig. 4).
Thereby, these changes may play an important role in the begin-
ning of melan-a malignant transformation. Additionally, they
reinforce the importance of our model to study cancer initiation
and progression.

Treatment of cell lines with 5-Aza-CdR and TSA promotes
phenotypic modifications with mRNA and microRNA expres-
sion changes. After determining the epigenetic modifications
that are associated to melanocyte malignant transformation, we
have analyzed the effect of treatment with 5-Aza-CdR and TSA
in cell morphology, protein-coding gene and miRNA expression
in cell lines (melan-a, 4C, 4C11- and 4C11+) of our melanoma
progression model (Fig. 6).

Initially, the cell lines were cultivated for 48 h with 10 uM
5-Aza-CdR or for 16 h with 40 nM TSA or without any drug.
The combined treatment with 5-Aza-CdR followed by TSA
was also performed (Fig. 6A). Six hours after the end of treat-
ments, images of the cells were acquired and evident phenotypic
alterations were observed comparing the three drug treatments.
Therefore, the less evident morphology change was observed in
the lineages treated with TSA alone (Fig. 6A; TSA), followed by
intermediate changes in cells treated with 5-Aza-CdR (Fig. 6A;
Aza). The major alterations were verified in the lineages treated
with the combination of these two drugs (Fig. 6A; Aza + TSA).

Modification in cell morphology after 5-Aza-CdR treat-
ment was accompanied by gene expression changes. The pro-
file of gene expression determined by microarray revealed that
a great number of genes had their expression increased after the
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melanoma cell line; *p < 0.05; **p <
0.01; ***p < 0.001.
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ac1-

4C11+

B

Number of genes upregulated after 5azaCdR treatment and miRNAs
upregulated after 5azaCdR associated with TSA treatment.

melan-a 4C 4C11- 4C11+
Coding genes* 250 81 596 359
miRNAs* 136 133 213 204

Figure 6. Alterations in cell phenotype, mRNA and miRNA expression after treatment
with 5-Aza-CdR and TSA during melanoma genesis. The cell lines representing differ-
ent steps of melanoma genesis were treated with 5-Aza-CdR and TSA in four different
conditions, in RPMI medium with 10% FBS: (1) without any drug; (2) only with 10 .M
5-Aza-CdR for 48 h, (3) just with 40 nM TSA for 16 h and (4) with 10 wM 5-Aza-CdR for
48 h, followed by 40 nM TSA for 16 h. After 6 h, images were captured in an inverted
microscope, with 20x magnification (A). Gene expression profile was determined by
microarray in cell lines cultured as described in conditions 1 and 2 while miRNA expres-
sion patterns were established in lineages cultured in conditions 1 and 4. The number
of genes upregulated after 5-Aza-CdR treatment and the number of miRNAs increased
after 5-Aza-CdR and TSA treatment are indicated in the table (B). Ma: non-tumorigenic
melan-a melanocyte lineage; 4C: pre-malignant melanocyte lineage; 4C11-: non-meta-
static melanoma cell line and 4C11+: metastatic melanoma cell line; NT: not treated and
Aza: 5-Aza-CdR. *These numbers indicate genes upregulated after 5azaCdR treatment
in each cell line compared with non-treated cells. This analysis was performed in micro-
arrays containing the whole mouse genome and considered FDR and q = 5%. # Values
indicating number of miRNAs which expression was increased at least two times after
5azaCdR and TSA treatment. A total of 585 miRNAs were analyzed.

treatment in the tumorigenic lines (4Cl11- and 4Cl11+) when
compared with non-tumorigenic lines (ma and 4C) (Fig. 6B).
MiRNA profile expression was also analyzed. Cell lines were
treated, or not, with 5-Aza-CdR, followed by TSA and miRNA
expression was established by miRNA TLDA arrays. Many
miRNAs had their expression increased after this treatment
(Fig. 6B), mainly in tumorigenic cell lines (4C11- and 4C11+).

shown).
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Alterations in melanocyte epigenetic pro-
grams can affect malignant transformation. In
order to investigate the effects of epigenetic altera-
tions in cell proliferation, melan-a melanocytes
and their derived cell lines (4C, 4C11- and 4C11+)
were treated with drugs that abrogate, in a pro-
gressive way, DNA methylation (5-Aza-CdR) and
inhibit histone deacetylases (TSA). We have shown
that combined use of these two drugs efficiently
reduces the capacity of in vitro cell proliferation
(Fig. 7A). To evaluate the effects of epigenetic
drugs in vivo with 4C11- and 4C11+ melanoma
cell lines, these cells were treated or not (NT) in
vitro with 5-Aza-CdR or TSA and injected into
syngenic mice (Fig. 7B). Interestingly, there was
reduction of 4Cl11- tumor growth in vivo when
these cells were treated with TSA, but not with
5-Aza-CdR (Fig. 7B; 4Cl11-), while the same
inhibitory effect was observed in the metastatic
4Cl1+ cells only when they were treated with
5-Aza-CdR (Fig. 7B; 4C11+).

Furthermore, the same procedure resulting in
the malignant transformation of melan-a melano-
cytes was repeated with cells treated with 5-Aza-
CdR immediately before each de-adhesion cycle.
We verified that no clone derived from melan-a
cells submitted to 5 cycles of anchorage blockade,
chosen randomly, was capable to develop tumors
in vivo after this treatment (Fig. 7C). Therefore,
these results indicate that the epigenetic changes
observed during melanoma genesis are important
for cell reprogramming and tumor initiation and
progression.

Tumor suppressor genes were upregulated
after 5-Aza-CdR treatment in metastatic 4C11+
melanoma cell line. As showed, 5-Aza-CdR treat-
ment was capable to diminish 4C11+ melanoma
cell line proliferation in vitro and in vivo. A pos-
sible explanation for this event could be the de-
repression of tumor suppressor genes abnormally
silenced by DNA methylation. Genes involved
with apoptosis (Fas), cell cycle arrest (Cdknlic),
negative regulation of JAK/Stat cascade (Socs2),
multifunctional transport and tissue homeostasis
(Apod), cell adhesion (Itgae), immune response
(Bst2) and IFN response ([fitl) are among the
tumor suppressor genes upregulated in metastatic
4Cl11+ melanoma cell line after treatment with

5-Aza-CdR (Table 1). All of them, except Jtgae and Cdknlc, have
their expression suppressed in the aggressive 4C11+ melanoma
cell line compared to non-tumorigenic melanocytes (data not
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of clones derived from melan-a melanocytes after 5 cycles of anchor
clones) or absence (4C11+ lineage) of 5-Aza-CdR (C). For statistical an

Figure 7. Aberrant epigenetic mechanisms alter the capacity of in vitro cell proliferation, in vivo tumor growth and the acquisition of a malignant phe-
notype. Treatment conditions of the lineages that mimic different stages of melanoma genesis in the experiments (A and B) were previously described
in the legend of Figure 6. The effect of the treatments in cell proliferation (A) and tumor volume (B) was evaluated, respectively, by MTT assay and
subcutaneous inoculation of 2 x 10° 4C11- and 4C11+ cells in the flank of 8-week-old C57BI/6 females (five animals per group). In vivo tumor growth

roni was used. The significance was established at p < 0.05. Ma: non-tumorigenic melan-a melanocyte lineage; 4C: pre-malignant melanocyte lineage;
4C11-: non-metastatic melanoma cell line and 4C11+: metastatic melanoma cell line; NT: not treated; Aza: 5-Aza-CdR and Cl: clone.

age blockade in the presence (Cl4 Aza, CI6 Aza, Cl13 Aza, Cl15 Aza and CI22 Aza
alysis a non-parametric Two-way ANOVA test followed by post-hoc test Bonfer-
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Table 1. Tumor suppressor genes upregulated by 5-Aza-CdR treatment
in metastatic 4C11+ melanoma cell line

Genes upregulated after

5-Aza-CdR treatment Function

Multifunctional transport and tissue

Apod homeostasis
Bst2 Immune response
Cdknic Cell cycle arrest
Fas Apoptosis
Ifit1 Response to INFa
Itgae’ Cell adhesion
Socs2" Negative regulation of JAK/STAT cascade

Genes related to apoptosis (Fas), cell cycle arrest (Cdknic), negative
regulation of JAK/Stat cascade (Socs2), multifunctional transport and
tissue homeostasis (Apod), cell adhesion (ltgae), IFN response (/fit1) and
immune response (Bst2) were found upregulated in metastatic 4C11+
melanoma cell line after 5-Aza-CdR treatment. Cells were cultured in
RPMI medium with 10% FBS with or without 10 wM of 5-Aza-CdR for
48 h and gene expression profile was determined by microarray. The
genes listed in this table were identified by SAM statistical analysis (FDR
threshold at 5%). ‘means the presence of CpG island around tran-
scription start site or near upstream site presumed by UCSC Genome
Browser Bioinformatics (available online at genome.ucsc.edu/).

Discussion

An essential property of epigenetic marks is that they are dynamic
and can be reprogrammed. In the past decades, the study of aber-
rant epigenetic modifications in human diseases has grown, espe-
cially in cancer research. However, little is known regarding the
causal role of such mechanisms in the cell malignant transfor-
mation process, with some exceptions.’ Tumors generally take
many years to develop and disruption of epigenetic mechanisms
as one of the major players in the etiology of cancer could provide
an explanation for age dependency of disease incidence, which is
not well explained by accumulation of mutations.?> Additionally,
aberrant epigenetic patterns could explain the relationship
between cancer and environment injury, since chronic injury is
one of the causes for increased cancer risk.>*3

In the present work, we have shown that epigenetic alterations
have a key role in melanocyte malignant transformation induced
by changes in cell microenvironment, specially the impediment
of cell attachment. After submitting melan-a melanocytes to a
stressful condition (successive anchorage blockade cycles), dif-
ferent melanoma cell lines were established. However, the cell
malignant transformation was blocked and melanoma cell lines
were not obtained when these adhesion impediment cycles were
done in the presence of 5-Aza-2'-deoxycytidine (5-Aza-CdR)
(Fig. 7C). The 5-Aza-CdR drug is a nucleoside analog that
promotes loss of DNA methylation by inhibiting DNA meth-
yltransferases and may affect histone modifying enzymes since
there are interactions between these proteins and DNMTs.%
Modifications in epigenetic patterns were observed in the pro-
cess that led to melanoma development, including the eartly steps
of this process (represented by pre-malignant cell line 4C). We
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reported a progressive DNA hypomethylation (Fig. 1) and sig-
nificant alterations in histone marks (Fig. 4) during melan-a
melanocyte malignant transformation. Differential expression
of enzymes that are responsible for DNA methylation (Dnmtzl
and Dnmt3a) (Fig. 2) and histone tails changes (i.e., M//1, Ezh2
and Sirtl) (Fig. 5A-C, respectively) were also observed during
this process, as well the expression of other epigenetic machinery
components (Fig. 5A), such the methyl binding protein MeCP2
(Fig. 3) and the chromatin remodeler ChdI (Fig. 5D). In addi-
tion, it was shown that a number of protein-coding genes and
microRNAs are upregulated after 5-Aza-CdR treatment alone
or combined with Trichostatin A (in the case of microRNAs)
(Fig. 6B) suggesting their epigenetic control and their possible
relationship with melanoma progression. Moreover, the same
drugs were able to alter the phenotype (Fig. 6A) and in vitro
proliferation capacity (Fig. 7A) of the melan-a, 4C, 4C11- and
4Cl1+ cell lines, and decrease their ability of in vivo tumor
growth mediated by melanoma cell lines 4C11- and 4Cl11+
(Fig. 7B). Interestingly, TSA treatment was more efficient in
diminishing 4C11- tumor growth in vivo than 5-Aza-CdR. On
the other hand, treatment with 5-Aza-CdR, but not TSA, was
able to decrease 4Cl11+ tumor growth in vivo. Despite DNA
methylation importance at the beginning of melanocyte malig-
nant transformation as indicated in Figure 7C, histone modifi-
cations seem to be important to characterize the less aggressive
melanoma phenotype better than DNA methylation. This sce-
nario changes in metastatic melanoma since DNA methylation
seems to be an additional mark to repress tumor suppressor genes.
Tumor suppressor genes activated by 5-Aza-CdR treatment in
4Cl1+ melanoma cell line present properties linked to tumor
growth control (Table 1). Moreover, these genes are related to
human melanoma as well. According to Melanoma Molecular
Map Project (available online at www.mmmp.org/ MMMP/)
there is a correlation between tumor suppressor genes identified
in our study with those found aberrantly hypermethylated in
human melanoma cell lines, uncultured melanoma tumor sam-
ples and/or serum from patients in the literature searched. -4
Taken together, these results underscore the significance of our
model to discovery novel epigenetic therapy responsive genes and
miRNAs for the investigation of multiple markers in clinical tri-
als for each step of human melanomagenesis and progression.
This potential translational application from the basic research
with our mouse melanoma model to clinical research might be
especially important in metastatic disease.

Overall, the differences in the epigenetic profile of these cells
(melan-a, 4C, 4C11- and 4Cl11+) suggest an epigenetic repro-
gramming caused by the sustained stress condition. It is possible
that during malignant transformation, melan-a melanocytes
undergo alterations conferring an undifferentiated state in order
to reprogram the epigenetic marks and adapt the cells to new
injury conditions. In contrast to melan-a cell line, that present an
epithelial morphology, 4C cells show a mesenchymal morphol-
ogy, which could indicate a less differentiated state (Fig. 6A and
NT). The conversion of epithelial to mesenchymal phenotype,
which characterize a process named epithelial to mesenchymal
transition (EMT), is fundamental for embryonic development
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and is needed for final differentiation of specialized cell types.
Furthermore, it has been shown that EMT is also involved in
tumor progression and metastasis.” After EMT, tumor cells may
reacquire an epithelial phenotype, in a process named mesenchy-
mal to epithelial transition (MET). Additionally, the increase of
Chdl expression (Fig. 5D) correlates with 4C cells less differen-
tiated phenotype. This chromatin remodeling factor recognizes
H3K4 trimethylation mark, which is present in high levels in
4C cells (Fig. 4), and is required to maintain open chromatin
state in stem cells. An open and highly accessible chromatin is a
hallmark of stem cells and it is essential for their ability to give
rise to any cell type (plurypotency).®®% Besides the increase in
H3K4 trimethylation (mark of gene activation and open chro-
matin) (Fig. 4), an increase in H3K27 trimethylation (mark of
gene inactivation) (Fig. 4) was also seen in the early steps of mela-
nocyte malignant transformation. This observation might indi-
cate other “stem cell like” features, since developmental genes are
identified with both marks and this is important for determining
cell fate.!”® Another molecular change that corroborates with
the hypothesis that a less differentiated phenotype is acquired
in the beginning of melanocyte malignant transformation is the
increased levels of Sirtl, which is related with pluripotency state.
Calvanese and colleagues™ demonstrated that Sirtl downregula-
tion is needed for human embryonic stem cell differentiation.
Low levels of Sirtl allow the expression of key developmental
genes, which are epigenetically silenced in first phases of embryo-
genesis. During melanoma progression, we have observed that
Sirtl expression increases in pre-malignant 4C cells compared to
parental melan-a melanocytes. There was also increased expres-
sion of M/, a H3K4 methyltransferase, and Ezh2, a H3K27
methyltransferase, in pre-malignant 4C cells. The expression
of MeCp2 protein is drastically reduced in the transition of the
melanocytes to pre-malignant cells (Fig. 3). These results sug-
gest that a decrease in MeCP2 protein that recognizes methylated
CpGs and is implicated in gene repression occurs before global
DNA hypomethylation.

Later in melan-a malignant transformation, when cells already
show the full malignant phenotype, we can identify melanoma
cell lines that are less or more aggressive. One example of a non-
metastatic melanoma cell line is 4C11-, which also have a mes-
enchymal phenotype and many epigenetic alterations linked to
“stem cell phenotype” also found in 4C cells (Figs. 5 and 6A,
NT). Moreover, in both 4C and 4C11- cell lines, this morphol-
ogy resembled an epithelial phenotype with 5-Aza-CdR and TSA
treatment (Fig. 6A and 5-Aza-CdR and 5-Aza-CdR + TSA), indi-
cating the participation of epigenetic mechanisms in epithelial to
mesenchymal transition. According to this hypothesis, previous
data from our group (Morais AS, unpublished data) revealed an
increase of the key EMT regulator Snaill in both 4C and 4C11-
cell lines compared to melan-a cells. In addition, a global analy-
sis demonstrated a similar expression of a significant number of
important epigenetic machinery factors in 4C and 4C11- lineages
(Fig. 5A). However, some specific marks were acquired in this
important step, when cells became tumorigenic. Among global
epigenetic components analyzed in this model, increased levels
of H3K9 trimethylation and H3K27 trimethylation (Fig. 4),
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and elevated expression of Sirtl (Fig. 5C and respectively) char-
acterized the conversion of 4C pre-malignant melanocyte cell
line to tumorigenic, non-metastatic, 4C11- melanoma cells. In
contrast, metastatic 4Cl11+ cells present the highest levels of
DNA hypomethylation (Fig. 1) and Dnmt3a expression (Fig. 2B
and E), a decrease in H3K9 and H3K4 trimethylation (Fig. 4),
and reduced expression of the histone deacetylase Sirtl, histone
methyltransferase Ezh2 and remodeling factor ChdI (Fig. 5B-D,
respectively) when compared to 4Cl11- cells. In addition, the
number of protein-coding genes and microRNAs upregulated
after 5-Aza-CdR treatment alone or in addition to Trichostatin
A (in the case of microRNAs) increased in tumorigenic cells
(4C11- and 4C11+) compared to the number of protein-coding
genes and microRNAs upregulated after the same treatment in
non-tumorigenic lineages (melan-a and 4C) (Fig. 6B). Based
on these results, the epigenetic deregulation of this group of
genes and miRNAs might have an important role in melanoma
development.

Previous work from our group has shown that the cycles of
anchorage impediment promoted a sustained stress condition
with high amounts of oxygen reactive species (ROS).? It is well
established that ROS can promote DNA damage.”> To restore
DNA integrity and avoid gene mutations, molecules involved
with the DNA repair machinery are activated. However, the pro-
teins implicated in this process must be able to access the DNA
and modifications in the chromatin structure are essential. In
addition to that, chromatin should return to its original config-
uration after DNA repair, creating a dynamic process between
opened and closed chromatin states.”® The sustained oxidative
stress condition provided by melan-a de-adhesion cycles could
result in DNA damage and consequently in an opened chroma-
tin in which DNA damage repair factors could bind to DNA
lesions. In agreement with this hypothesis, it has been shown that
chromatin context has a key role in DNA repair processes. The
access-repair-restore theory proposed by Smerdon’* showed that
oxidative stress and other environment injuries can cause recruit-
ment of DNA repair complexes preferentially to open chromatin
regions.”” Additionally, an opened chromatin configuration
caused by DNA damage might explain the “stem cell like” char-
acteristics identified in pre-malignant 4C cells. The repair fac-
tors could then recruit chromatin remodeling proteins, histone
modifying enzymes as well as DNMTs to DNA lesion in order
to repress transcription and stop possible sequence reading errors.
Corroborating this idea, O’Hagan and co-workers demon-
strated*® that normal repair of DNA breaks can cause recruitment
of the epigenetic machinery linked with transcriptional inhibi-
tion, such as Sirtl and Ezh2 as well as Dnmzs. We hypothesize
that successive stress conditions (in this case repetitive anchorage
blockades) might cause stable epigenetic errors as a consequence
of the recruitment of epigenetic machinery by DNA repair factors
providing, with time, an aberrant epigenetic and gene expression
profile (Fig. 8). Changes in epigenetic profile during the chroma-
tin open state could affect developmental pathways and cell fate.
This could lead to an incorrect differentiated state characterized
by a malignant phenotype. Later on, tumor cells presenting high
global hypomethylation of the DNA and genomic instability, loss
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BRL, Grand Island, NY), antibiotics (Gibco) and 200 nM
of phorbol miristate acetate (PMA, Sigma-Aldrich, Saint
Louis, MO) at 37°C in a humidified atmosphere of 5% CO,
and 95% air. Pre-malignant melanocyte lineage 4C, non-
metastatic melanoma cell line 4C11-, and metastatic mela-
noma cell line 4C11+, established after submitting melan-a
cells to sequential cycles of anchorage blockade” were cul-
tured as melan-a cells, but in the absence of PMA. For
anchorage independent cycles, melan-a cell line was plated
on 1% agarose coated plates and cultured in this condition
for 96 h. Small spheroids were then collected by decanta-
tion and cultured on standard condition. The de-adhesion
cycles were repeated five times. After the last time, spheroids
were counted and plated by limiting dilution originating the
melanoma cell lines (i.e., 4C11- and 4C11+). Melan-a cells
submitted to four de-adhesion cycles were also established.
They are non-tumorigenic and were named 4C. Cells were
treated with 10 wM of 5-Aza-2'-deoxycytidine (5-Aza-
CdR, Calbiochem, Merck, Darmstadt, Germany) for 48 h

and/or 40 nM of Trichostatin A (TSA, Calbiochem-Merck,

Figure 8. Epigenetic reprogramming associated with sustained stress
conditions during melanocyte malignant transformation. We hypothesize
that during malignant progression associated with sustained stress, an
opened chromatin state occurs, allowing cells to undergo changes in gene
expression. We can also observe features that are inherent of pluripotent
cells such as the presence of H3K4me3 and H3K27me3 marks and increased
expression of SIRT1 and Chd1. This indicates that, after sustained stress, nor-
mally differentiated cells acquire a less differentiated state in intermediate
stages of progression (4C pre-malignant melanocytes and non-metastatic
4C11- melanoma cell line). Other epigenetic changes subsequently occur
providing a more aggressive phenotype (4C11+ cell lineage). EMT: Epithelial
to Mesenchymal Transition; MET: Mesenchymal to Epithelial Transition.

Darmstadt, Germany) for 16 h.

5-methylcytosine relative content analyses. Global
DNA methylation level was evaluated by staining cells with
a specific monoclonal antibody against 5-methylcytosine
(Oncogene, La Jolla, CA, catalog #NA81). Cells were washed
with PBS supplemented with 0.1% Tween-20 and 1% bovine
serum albumin (PBS-TB), fixed with 0.25% paraformalde-
hyde at 37°C for 10 min, followed by 88% methanol at -20°C
for at least 30 min. After washing, cells were treated with 2
N HCI at 37°C for 30 min, neutralized with 0.1 M sodium
borate (pH 9.0), and blocked with 10% mouse serum for 20

of tumor suppressors as well as oncogene activation (by changes
in DNA methylation and/or mutations) show a phenotype that
is more adapted to new injuries caused by the microenvironment.

In conclusion, our findings significantly contribute to a bet-
ter understanding of the melanoma physiopathology. This study
has important clinical applications in addition to its conceptual
contribution to this field. Differently from mutations, epigenetic
modifications are reversible and this fact encouragesthe develop-
ment of new classes of drugs. The model presented in our study
provides an opportunity to test drugs (epigenetic drugs among
others) that could target molecules that are implicated in epi-
genetic reprogramming during melanoma progression. We also
believe that these new discoveries can open new avenues for a
better treatment of melanoma and could also be applied to study
other cancer types.

Materials and Methods

Cell cultureand drugtreatments. Non-tumorigenic murine mela-
nocyte lineage, melan-a (ma),” was kindly provided by Dr. Michel
Rabinovitch (Department of Parasitology, UNIFESP, Sao Paulo,
Brazil). Cells were cultured in RPMI (pH 6.9, Gibco, Carlsbad,
CA) supplemented with 5% fetal bovine serum (FBS, Gibco
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min at 37°C. Then, cells were incubated with anti-5-MeC

antibody (1:500) for 1 h at 37°C, followed by incubation with
goat anti-mouse IgG conjugated with fluorescein (Kirkegaard
& Perry Laboratories Inc., KPL, Gaithersburg, MD) for
45 min at room temperature. Finally, cells were analyzed by flow
cytometry in a FACScan (FACScalibur; Becton Dickinson, San
Juan, CA).

Digestion of genomic DNA with Hpall and Mspl. Hpall
(catalog #FD0514) and Mspl (#FD0544) have the same restric-
tion site (CCGG); however Hpall is sensitive to DNA methyla-
tion. Two pg of genomic DNA were digested or not with 2 .l
of each enzyme (Fast Digest, Fermentas, Glen Burnie, MD) in
separated reactions. DNA was digested at 37°C for 16 h and after
this period 1 pl of each enzyme was added and the tubes main-
tained at 37°C for one more hour. Samples were then resolved
onto 0.8% agarose gel. The intensity of the band correspond-
ing to intact genomic DNA in different samples was determined
using Image] software. Percentage of methylation was calculated
using the formula: relative global DNA methylation content =
(Hpall - Mspl) x 100/genomic DNA.

Methylation-sensitive single-nucleotide primer extension
assay (Ms-SNuPE). Average methylation at specific CpG sites
present in repetitive elements (A-repeats and retrovirus-C long
terminal repeats, RC-LTR) was quantified using methylation-
sensitive single nucleotide primer extension assay (Ms-SNuPE)
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as previously described in reference 60. Two .l of genomic DNA
treated with sodium bisulfite were amplified by PCR using prim-
ers for RC-LTR: 5-GTT GAT ATT TTG TGT TTT AAG
TGG TAA A-3" and 5-CTA ATT CTA AAA TAA AAT ATC
CCT CC-3' or primers for A-repeats: 5-TGA TTT ATT TAT
TAG AGG TTT TAG G-3' and 5-ACA TAA AAA AAC AAA
CTA CCC-3". PCR conditions were: denaturation at 94°C for
3 min, 35 cycles of 94°C for 1 min, 50°C for 1 min and 72°C for
1 min with an additional extension at 72°C for 10 min. PCR
products were separated by electrophoresis through 2% agarose
gel, purified from the gel and eluted in 40 pl of water. Single
nucleotide extensions were obtained adding 4 pl of template, 1x
PCR buffer, I wM of each SNuPE primer (described below), 1
wCi (*P) dCTP or (**P) dTTP, and 1 U of 1:1 Taq/TaqStart anti-
body (BD Biosciences Clontech, Palo Alto, CA). Reaction was
then incubated at 95°C for 30 seconds, at 50°C for 30 seconds for
RC-LTR and 53°C for 30 seconds for A-repeats, followed by an
incubation at 72°C for 1 min and then combined with 5 .l of stop
solution (95% formamide, 20 mM EDTA (pH 8.0), 0.05% bro-
mophenol blue and 0.05% xylene cyanol) before being denatured
at 94°C for 5 min and loaded onto a 15% denaturing polyacryl-
amide gel (Tris-borate-EDTA buffer, 14.25% acrylamide, 0.75%
bis-acrylamide and 7 M urea). SNuPE primers for RC-LTRs:
S1: 5-TTG TAG TTA ATT AAG GAG TGA TA-3' and S2:
5TTT GTG GTG TTT TTT TTG GT-3'; SNuPE primers for
A-repeats: S1: 5TTT ATT TAT TAG AGG TTT TAG GGT
TT-3',S2: 5-GAT TTT GTT GGT AAG GTA GTT-3' and S3:
5-GGA TTT GTG TTT TAG ATT AGG TT-3". Methylation
levels were quantified on a Phospholmager Analysis System
(Molecular Dynamics, Sunnyvale, CA). Methylation percent-
ages in the figures represent the average of methylation levels in
three different CpG sites for A-repeats and two different CpG
sites for RC-LTR.

Methyl thiazol tetrazolium assay (MTT). Cell viability in
the presence of inhibitors (5-Aza-CdR and/or TSA) was deter-
mined using a standard methyl thiazol tetrazolium (MTT)
assay (Sigma, St. Louis, MO) following standard protocol.
The absorbance at 620 nm was recorded in each well using an
ELISA microplate reader. Cells (ma, 4C, 4C11- and 4Cl11+)
were cultured (2.5 x 10 cells/mL) in complete medium for
24 h on 96-well plates. Cell culture had the medium replaced by
fresh medium containing 10% FBS and then were treated with
5, 10 and 20 M of 5-Aza-CdR for 48 h and/or 10, 20 and 40
nM of TSA for 16 h. MTT assay was carried out before (T =
0) and after each treatment. Additionally, MTT assay was per-
formed to evaluate the effect of the drug treatment (5-Aza-CdR
and/or TSA) effects 24 h after treatment. Cells (ma, 4C, 4C11-
and 4C11+) were also (2.5 x 10° cells/mL) cultured in complete
medium for 24 h on 96-well plates and then treated as described
above. After treatments, cells were washed, the medium replaced
by fresh complete medium containing 5% FBS and MTT assay
was performed immediately after each treatment (T = 0) and
24 h later (T =24 h).

Cell image acquisition. Cell images were acquired by an
Olympus CK40/Olympus Singapore microscope using Image-
pro 6.2/Media Cybernetics software®.
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Western blot. Whole-cell lysates were prepared using RIPA
buffer (0.1% SDS, 0.5% NP40, 0.5% sodium deoxycolate and
protease and phosphatase inhibitors). For nuclear extract isolation
(for Dnmt3a western blot), cell pellets were re-suspended in a buf-
fer containing 10 mM Tris-HCI (pH 7.4), 10 mM NaCl, 3 mM
MgCl,, 0.1 mM EDTA, 0.5% NP40 and protease and phospha-
tase inhibitors. After incubating on ice for 5 min, samples were
centrifuged (3,000 rpm, 5 min) and the supernatant removed
(cytoplasmic extracts). Cells pellets were washed two times with
solution containing 10 mM Tris-HCI (pH 7.4), 10 mM NaCl,
3 mM MgCl, 0.1 mM EDTA and protease and phosphatase
inhibitors. Then, nuclei were lysed in buffer with 400 mM NaCl,
75 mM MgCl,, 0.2 mM EDTA, 1 mM DTT and protease and
phosphatase inhibitors. Samples were incubated on ice for 15 min
(with intermitent shaking). Nuclear debris was pelleted at 13,000
g for 5 min at 4°C and supernatant containing nuclear proteins
was collected. Protein extracts were resolved by SDS-PAGE and
transferred onto PVDF membranes (Bio-Rad, Hercules, CA).
Antibodies and the dilutions used were: mouse Dnmt3a (1:500,
Imgenex, San Diego, CA, catalog #IMG-268A), mouse Dnmt3b
(1:500, Imgenex, #IMG-184A), mouse Dnmtl (1:1,000, Imgenex,
#IMG-261A), mouse Pcna (1:1,500, Santa Cruz Biotechnology,
Santa Cruz, CA, #sc-13057), mouse total Erk (1:1,000, Santa
Cruz Biotechnology, #sc-94), mouse B-Actin (1:1,000, Santa Cruz
Biotechnology, #sc-1616), mouse C23 (nucleolin, 1:400, NCL,
Santa Cruz Biotechnology, #sc-13057) mouse pan-methyl H3K9
(1:1,000, Cell Signaling Technology, #4069), mouse tri-methyl
H3K9 (1:1,000, Abcam, Cambridge, MA, #ab8898), mouse
tri-methyl H3K27 (1:2,000, Upstate, Temecula, CA, #07-449),
mouse di-methyl H3K4 (1:1,000, Cell Signaling Technology,
##9725), mouse tri-methyl H3K4 (1:1,000, Millipore, Temecula,
CA, #17-614), mouse acetylated H4K16 (1:1,000, Millipore,
Temecula, CA, #07-329), mouse Ezh2 (1:1,000, Cell Signaling
Technology, #4905), mouse total H3 (1:1,000, Cell Signaling,
#9715), mouse Sirtl (1:1,000, Millipore, Temecula, CA, #07-131)
and mouse MeCP2 (1:1,000, Calbiochem-Merck, Darmstadt,
Germany). Followed by secondary antibody (Bio-Rad) incuba-
tions, signals were visualized by chemoluminescence using the
SuperSignal West Pico® chemiluminescent substrate (Pierce,
Thermo Scientific, Rockford).

mRNA expression analysis. RNA was isolated from cell
monolayers (melan-a, 4C, 4Cl11- and 4Cl11+) using TRIzol®
(Invitrogen, Carlsbad, CA). cDNA was prepared from lug of
RNA using random hexamer primers and OligodT (Superscript
I firse-strand synthesis system for RT-PCR, Invitrogen). For
Dnmts mRNA expression analysis quantitative RT-PCR was per-
formed in the M] Research Bio-Rad Real Time PCR Opticon
Engine® (M] Research, Waltham, MO) using TagMan® system
and Kapa probe fast qPCR kit® (KapaBiosystems, Boston, MO)
and specific primers (Eurofins MWG Operon, Huntsville, AL)
and probes (Biosearch Technologies, Novato, CA): Dnmt3a
(anti-sense: 5-CCA GCT CTC CAA TGC CAA AG-3', sense:
5-AAT GCT ACC AAA GCA GCC GA-3', probe: 5' FAM-
ATG AGC CTG AGT ATG AGG ATG GCC GG-BHQ-1 3'),
Dnmit3b (anti-sense: 5'-AGA CAG CCG GGA GCT TGA C-3,
sense: 5-CAG TCT TGG AGG CAA TCT GCA-3', probe: 5'
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FAM-AGA GCC AGT CTG CAC ACC AGA GAC CA-BHQ-1
3"), Dnmtl (anti-sense: 5-TCT GCC ATT TCT GCT CTC
CA-3), sense: 5-AAA AGC CAA CGG TTG TCC C-3', probe:
5' FAM-CCA ACG GGA GCC GGC CAA-BHQ-1 3'), Pcna
(anti-sense: 5“TAG AAT TTT GGA CAT GCT GGT GA-3',
sense: 5-TCG ACA CAT ACC GCT GCG-3', probe: 5' FAM-
CCG CAA CCT GCC ATG GGC G-BHQ-1 3'). For Chdl
mRNA expression analysis, quantitative real-time PCR was per-
formed using a Corbett Rotor-Gene 6000 detection system® with
a Fast Rotor-Gene SYBER Green PCR Master Mix® (Qiagen,
Dusseldorf, Germany). Specific primers were used as follows:
Chdl (sense: 5-GAT CAC TGG AAC CCC TCT A-3), anti-
sense, 5-GGA GGC TTG CAT AAC CAT-3"), Gapdh (sense:
5-AAA TGG TGA AGG TCG GTG TG-3), anti-sense, 5-TGA
AGG GGT CGT TGA TGG-3").

Microarray-based gene expression analyses. Total RNA
was isolated as mentioned before and purified using RNEasy
MinElute Cleanup® spin columns (QIAGEN, Dusseldorf,
Germany) following the manufacturer’s instructions. Only RNA
samples with an A /A =~ nm ratio >2.0 were used for micro-
array hybridization. Briefly, 2 pg of total RNA was amplified
by an in vitro transcription reaction and biotin-labeled. Arrays
(GeneChip® Mouse Genome 430 2.0, format 49, Affymetrix
Inc., Santa Clara, CA) were hybridized 16 h at 45°C and 60 rpm,
washed, stained with streptavidin-phycoerythrin, scanned using
an Affymetrix GeneChip® Scanner 3000 7G, and images were
quantified by GCOS 1.4 software (Affymetrix), as described in
the Affymetrix Expression Analysis Technical Manual. Sixteen
microarrays were performed, including two biological replicates
from the same phenotype.

Microarray data analyses. Raw array data (.CEL file) were
quantile normalized with background correction calculated
with RMAExpress 1.0.5 (rmaexpress.bmbolstad.com). The
normalized expression values (log, scale) were filtered due to
strict quality criteria and analyzed using MultiExperiment
Viewer (MeV) 4.6 (www.tm4.org). Genes showing at least a
two-fold change and a median false discovery rate (FDR) and a
g-value threshold at 5% after SAM statistical analysis were cho-
sen, and submitted to an unsupervised hierarchical clustering
analysis (HCL) using the Pearson correlation metric distance to
arrange samples according to similarity in their gene expression
pattern.

miRNA expression analyses. Total RNA was extracted as
described before. MicroRNA expression profile of each cell line
treated and non-treated with 5-AzaCdR and TSA were deter-
mined using TagMan® Rodent MicroRNA Arrays (Sanger miR-
Base v10, card A and card B/Applied Biosystems, Foster City,
CA) according to the manufacturer’s instructions (Applied
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Biosystems’ 7900 HT Micro Fluidic Cards). TLDA array A
comprises miRNAs that are well-known, while Array B con-
tains recently discovered miRNAs with the miR* sequences.
The TLDA microfluid cards containing a total of 585 rodent
microRNAs, were processed in the ABI 7900 HT Fast Real Time
PCR System (Applied Biosystems) and analyzed with Real-Time
StatMiner (Integromics, Philadelphia, PA). The miRNA expres-
sion was normalized with the endogenous control MammUG6
determined in quadruplicate. The relative expression of miRNAs
in cell lines treated and non-treated was determined by the 2-24¢T
method (p < 0.05 was considered as significant). miRNAs with
ACt>35 were considered non-expressed. The differential expres-
sion was considered when 244¢T 1,

Anchorage blockade cycles in the presence of 5-Aza-CdR.
The melan-a melanocyte lineage was treated 48 h with 10 uM
5-Aza-CdR. After treatment, cells were then cultured (10° cells/
mL) on 1% agarose-coated Petri dishes for 96 h (for anchorage
blockade) at 37°C in humidified 95% air 5% CO, in RPMI pH
6.9 supplemented with 5% FBS and 200 nM PMA. Small spher-
oids were collected and cultured on dishes in adhesion condition.
The anchorage blockade was repeated five times and after the
last one, spheroids were counted and plated by limiting dilution
(0.5-1 spheroid/well). After this procedure, clones were obtained
and five of them, randomly chosen, were assayed for in vivo
tumor formation.

In vivo tumor growth. 4C11- and 4Cl11+ melanoma cells (2
x 10° cells in PBS per animal), treated or not with 5-Aza-CdR or
TSA were injected subcutaneously (s.c.) in the flank of 8 week-
old C57B1/6 female mice. After 10 days of inoculation, tumor
diameters were measured daily and tumor volume calculated
as: d? x D/2, where d corresponds to the smallest tumor diam-
eter and D to the largest one. Each experimental group had at
least 5 animals. All animal procedures used in this study were
reviewed and approved by the Institutional Animal Care and Use
Committee (approval number 458/08).

Statistical analysis. For statistical analysis, non-parametric
One-way ANOVA test followed by post-hoc test Dunnett or
Tukey was used using GraphPad Prism® version 4 for Windows®.
The significance level was established at p < 0.05; *p < 0.05 **p <
0.01; ***p < 0.001. Bars indicate +SE of a minimum of triplicate
samples. A minimum of 3 independent experiments were per-
formed for each assay.
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