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Abstract
We have previously reported that the BRAFV600E signaling causes genome-wide aberrations in
gene methylation in melanoma cells. To explore the potential molecular mechanisms for this
epigenetic effect of BRAFV600E, in this in silico study we analyzed 11 microarray datasets
retrieved from NCBI GEO database and examined the relationship of the expression of the
epigenetic genes (genes involved in epigenetic regulation) with BRAFV600E signaling,
methylation and expression of tumor-suppressor genes (TSGs) in melanoma, and patient survival
with this cancer. Among 273 epigenetic genes examined, 12 genes were down-regulated (named
DD genes) and 16 were up-regulated (UU genes) by suppression of the BRAFV600E signaling
using inhibitors. While the expression of 245 non-DD/UU genes overall had no correlation with
the expression and methylation of a set of potential TSGs, the expression of DD genes was
significantly correlated negatively with the TSG expression and positively with TSG methylation.
Expression of UU genes was positively, albeit weakly, associated with the TSG expression.
Overall, no correlation was found between UU gene expression and TSG methylation.
Importantly, the expression of DD genes, but not UU genes, was significantly associated with
decreased survival of patients with melanoma. Interestingly, the promoters of DD genes contain
more binding motifs of c-fos and myc, two BRAFV600E signaling-related transcription factors,
than those of UU and non-DD/UU genes. Thus, these results link epigenetic genes to methylation
and suppression of tumor suppressor genes as a mechanism involved in BRAFV600E-promoted
melanoma tumorigenesis and uncover a novel molecular signature that predicts a poor prognosis
of melanoma.
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1. Introduction
Melanoma is a highly aggressive skin tumor that originates from melanocytes and its
incidence has been increasing over the past decades worldwide [11,13]. Metastatic capacity
of melanoma is extremely high, and most patients with distant metastases from melanoma
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die within 5 years [11,13]. A prominent oncogenic genetic event in melanoma is the BRAF
T1799A mutation, which is detected in 50–70% of melanomas and results in the
constitutively activated BRAFV600E kinase [4,22]. Through driving the Ras/Raf/MEK/
ERK signaling pathway (MAPK pathway), BRAFV600E signaling plays a fundamental role
in the tumorigenesis of melanoma [4,22].

Epigenetic modifications, which include DNA methylation, histone modifications, and
chromatin remodeling, have been recognized as important factors that regulate gene
expression [15]. While epigenetic mechanisms play a major role in normal physiological
events, such as embryogenesis and gene imprinting, aberrant epigenetic events are involved
in many critical pathways and steps in human tumorigenesis, including that of melanoma
[15]. To date, more than 70 genes have been identified that are hyper- methylated at their
promoter regions and many genes that are involved in histone modification and chromatin
remodeling have been demonstrated to be aberrantly regulated in melanoma [20]. These
epigenetic alterations lead to the aberrant regulation of many fundamental pathways that
regulate cell cycle, apoptosis, invasion, and growth of cells [20].

Through a genome-wide methylation microarray analysis, we recently showed that a wide
range of genes were linked to BRAFV600E signaling through their hyper- or hypo-
methylation [7]. In the present in silico study, we further explored the potential molecular
mechanisms for the epigenetic effects of BRAFV600E. We found the epigenetic genes
down-regulated by BRAFV600E signaling inhibitors were closely associated with the
methylation and silencing of tumor-suppressor genes (TSGs) in melanoma and patient
survival.

2. Materials and methods
2.1. Definition of epigenetic genes

We defined epigenetic genes as those being involved in DNA methylation, histone
modification or chromosome remodeling (Supp. Table 1). The Gene Ontology (GO) term
and GO ID that we used to search for human epigenetic genes in GO
(www.geneontology.org) were listed in Supp. Table 2. Additional epigenetic genes were
added from previous literature when the GO annotation was missing (see references in Supp.
Table 1). Genes that were down-regulated and up-regulated by suppression of the
BRAFV00E signaling were named DD genes and UU genes, respectively.

2.2. Microarray dataset and data analysis
All the datasets were downloaded from NCBI GEO database (www.ncbi.nlm.nih.gov/geo).
For Affymetrix array-based datasets, the signal values from the raw datasets were
background corrected and normalized with MAS5.0. For gene expression datasets from
other platform-based arrays, the processed data was downloaded and the signal values were
normalized by using the median array as reference array. In all datasets, the expression
values of all probes for a given gene were reduced to a single value by taking the maximum
expression value for each sample [18].

To identify epigenetic genes that are regulated by BRAFV600 signaling pathway, we
analyzed two microarray datasets GSE10086 and GSE20051, in which melanoma cells were
treated with two BRAFV600 signaling inhibitors. Significance analysis of microarrays
(SAM) (http://www-stat.stanford.edu/~tibs/SAM/) was used to extract differently expressed
genes with a false discovery rate (FDR) of 0.08. Only genes that were differently expressed
at the same direction in both datasets were regarded as genes regulated by BRAFV600
signaling pathway.
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To examine the correlation between the expression of epigenetic genes and TSGs in clinical
melanoma samples, we use the 11 frequently hyper-methylated genes in melanoma cells [3]
as representatives of TSGs, and calculated the Pearson correlation coefficient (Pearson’s r)
of the expression of each of the 273 epigenetic gene to the expression of each of the 11
hyper-methylated genes. These 11 genes, most of which were previously demonstrated to be
potential TSGs [1,3,10,19], have a methylation level ≥60% that is correlated with a 4-fold
decrease in mRNA levels and an average post-demethylation re-expression fold-change of
>4 in at least 2 of 11 melanoma lines [3]. The melanoma microarray datasets that satisfy the
following two criterions were included for this analysis: (1) having a melanoma sample size
≥30; (2) the average of Pearson’s r between the expression of 11 potential TSGs themselves
>0.2 (low or negative correlation between the expression of 11 genes will cover up the real
correlation of epigenetic genes to the group of the 11 genes). Seven melanoma datasets from
the GEO database, including GSE3189, GSE4841, GSE4843, GSE7553, GSE10916,
GSE19234 and GSE22153, fulfill the two requirements.

Dataset GSE28356, in which gene methylation from 11 melanoma cell lines were analyzed,
has its matched gene expression dataset GSE7127 in GEO database. The gene expression
and methylation data from these two matched datasets was used to analyze the correlation
between the expression of the epigenetic genes and methylation of TSGs. The calculation of
gene methylation level was described previously [3].

2.3. Kaplan–Meier analysis
The patient’s survival information was extracted from GEO database as sample descriptions
of the corresponding datasets. Survival probabilities were calculated with the Kaplan–Meier
method and differences between survival probabilities were analyzed with the log-rank test.
All survival analyses were done using the entire follow-up time. Based on the method
described previously [8], we categorized tumors into two groups characterized by high (sum
> 0) or low (sum < 0) expression of DD genes according to the sum of relative expression
levels of the 12 DD genes in each tumor. Similarly, two groups of tumors were also
categorized according to the sum of expression values of the 16 UU genes. The expression
values of each DD and UU genes were median-centered across all samples before the sum
was calculated.

3. Results
3.1. Identification of epigenetic genes regulated by the BRAFV600 signaling pathway

By searching Gene Oncology and literature, we obtained a total of 273 epigenetic genes,
which are presented in Supplemental Table 1. The 273 epigenetic genes are distributed in all
of 23 chromosomes. Positional gene enrichment analysis of the epigenetic genes showed
that some of the genes are enriched in several regions of chromosomes, such as 3q26 and
12q12 (Supp. Fig. 1).

To identify which epigenetic genes are regulated by BRAFV600 signaling pathway, we
analyzed two microarray datasets, GSE10086 and GSE20051, in which five melanoma cell
lines harboring BRAFV600E were treated with the MEK inhibitor PD0325901 or the
BRAFV600E-specific inhibitor PLX4032 [9,16]. Forty and 58 epigenetic genes were
differently expressed after treatment with PD0325901 or PLX4032 respectively. Among
them, 12 (DD genes) were down-regulated by both treatments and 16 (UU genes) genes
were up-regulated by both treatments (Fig. 1). The DD and UU genes in the two datasets
showed similar expression patterns across all the melanoma cell lines (Pearson’s r = 0.88),
indicating that these results on the expression of DD and UU genes are highly consistent and
reproducible.

Liu et al. Page 3

Biochem Biophys Res Commun. Author manuscript; available in PMC 2013 August 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.2. The promoter regions of DD genes are enriched with the binding motifs of c-fos and
myc

To provide further evidence that the expression of DD and UU genes were regulated by
BRAFV600 signaling, the 273 epigenetic genes were analyzed for enrichment of consensus
binding motifs of well-characterized BRAFV600 signaling transcription factors, including
CREB1, Elk-1, c-Fos, myc, STAT1, STAT2 and PPARγ [17], within their promoter regions
using the RSA tools (legend to Supplemental Fig. 2). No difference was observed for the
number of binding motifs of the seven transcription factors between UU and non-DD/UU
genes, suggesting that MAPK pathway might regulate the expression of UU genes at the
post-transcription level or through other transcription factors. On the other hand, DD genes
harbor more binding motifs of c-Fos and myc, two well-known proto-oncogenes, than non-
DD/UU genes (p < 0.02 for c-Fos and p < 0.002 for myc, permutation test) (Supplemental
Fig. 2). The percentages of genes that harbor the c-Fos or myc binding motifs in promoter
region are also higher for DD genes than for non-DD/UU genes (p < 0.05, Fisher exact test)
(Supp. Fig. 2).

3.3. High expression of DD genes is associated with the silence of 11 potential TSGs in
melanomas

We previously found that BRAFV600E caused hyper- or hypo-methylation of a wide range
of genes in melanoma cells [7]. In the present study we asked whether the DD or UU genes
may be related to such epigenetic impact of BRAFV600E signaling. We examined the
correlation of the expression of the 273 epigenetic genes and 11 potential TSGs that are
frequently methylated in melanomas [3] in the 7 microarray datasets that all contain gene
expression data from ≥30 clinical melanoma samples. The Pearson’s r between the
expression of each epigenetic gene and each TSG were calculated and their distribution is
shown in Fig. 2A. The median value of the Pearson’s r in non-DD/UU gene group is close to
0, indicating that, overall, the expression of these genes has no correlation with the 11
potential TSGs (Fig. 2A). In contrast, the median value of the Pearson’s r in UU and DD
gene group is 0.041 and −0.133, indicating positive and negative correlation, respectively (p
< 10−11, Welch t-test, compared with the non-DD/UU genes) (Fig. 2A). Fig. 2B shows the
individual Pearson’s r of the expression of each DD and UU genes to the 11 methylated
genes. The vast majority of data points are green (representing negative correlation) for DD
genes except MTA1. In contrast, the data points from only half of UU genes are mostly red
(positive correlation). Randomization test showed that 11 of 12 of the DD genes were
significantly correlated with the expression of 11 potential TSGs negatively, while only 7 of
16 UU genes were positively correlated with the 11 genes significantly (Supp. Fig. 3A).

3.4. High expression of DD genes is associated with hyper-methylation of 31 potential
TSGs in melanomas

We further examined the correlation of the epigenetic genes to the methylation level of
TSGs in melanoma cells by analyzing a gene expression microarray dataset and its matched
gene methylation dataset as described in Methods. To avoid potential false positive results
for the analysis of this small sample data, we included another 20 TSGs that were frequently
methylated in melanomas [20] (totally 31 genes when added to the previous 11 hyper-
methylated genes) for correlation analysis. The Pearson’s r values were calculated between
the expression and methylation level of each TSG, and its median value is −0.334 (Fig. 3A),
indicating negative correlation between the expression and methylation of the 31 TSGs. The
median value of Pearson’s r between the expression of the 12 DD genes and the methylation
level of the 31 TSGs is 0.173, indicating a positive correlation between them (Fig. 3A). In
contrast, the median values of the Pearson’s r in both UU and non-DD/UU groups are close
to 0, suggesting that, overall, there is no correlation between the expression of these genes
with the methylation of the 31 TSGs (Fig. 3A). The individual Pearson’s r of the expression
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of each DD and UU genes to the 11 methylated genes were shown in Fig. 3B. Supplemental
Fig. 3B shows that 8 of 12 DD genes were positively while 5 of 16 UU genes were
negatively correlated with the methylation of TSGs significantly. These results further
indicated that the DD genes are better correlated with silence of TSGs in melanoma cells
than the UU genes.

3.5. High expression of DD genes is associated with decreased survival of patients with
melanoma

Two of the seven microarray datasets used in gene expression correlation analysis contain
the patient’s survival information. Kaplan–Meier analysis was performed to determine the
correlation of the expression of DD and UU genes to patient’s prognosis. We categorized all
the patients into two groups according to the sum of the relative expression level of either
the 12 DD genes or the 16 UU genes as described in Methods. In dataset GSE19234, the
patients with low expression of DD genes had a significantly longer survival than patients
with high DD gene expression (p = 0.03, log-rank test) (Fig. 4A). Among the 15 patients
who had survived for more than 2 years after excision of the metastatic lesion, 14 patients
were from the group with low expression of DD genes. By contrast, no survival difference
was observed between patients with low and high expression of UU genes (Fig. 4B).
Similarly, in the dataset GSE22153, the patients with low DD gene expression had better
prognosis than patients with high DD gene expression, although it is not statistically
significant (Fig. 4C). Again, no survival difference between patients with low and high
expression of UU genes was observed (Fig. 4D).

4. Discussion
It is well known that the epigenetic modulators interact with each other. For example,
histone methyltransferases can regulate DNA methylation levels through modulating the
stability of DNMT proteins [5]. In addition, it can also direct DNA methylation to specific
genomic targets by recruiting DNMTs [23]. On the other hand, DNA methylation can direct
histone modifications, which was supported by evidences such as methylated DNA mediates
H3K9me through MeCP2 recruitment [6]. Numerous studies showed the synergistic effects
of DNA methylation and histone deacetylation inhibitors on restoration of hyper-methylated
gene expression in cancer cells [14], further illustrating the close cooperation of the
epigenetic modulators. Therefore, it is anticipated that besides DNA methylation, histone
modification and chromosome remodeling are also involved in the regulation of methylation
and expression of the 31 potential TSGs examined in this study. This is the basis for us to
use the correlation between the expression of the 273 epigenetic genes and the expression
and methylation of the 31 TSGs to evaluate the epigenetic effects of DD and UU genes in
melanoma cells.

Data from this study also supports the notion that the epigenetic modulators cooperate to
regulate gene expression. For example, expression of the 11 DD genes negatively correlated
with the TSG expression in melanoma was all positively correlated with the TSG
methylation, with the only exception of C9orf169. Moreover, the DD genes that showed
higher negative correlation to the TSG expression tend to have higher positive correlation
with the TSG methylation levels (Supp. Fig. 4). On the other hand, while the expression of
11 of 12 DD genes were significantly correlated with the expression of the TSGs, only the
expression of 8 of 12 DD genes were significantly correlated with the TSG methylation
level (Supp. Fig. 3). Expression of C9ORF169, a histone demethylase, showed negative
correlation with the TSG expression while it also had negative correlation with the TSG
methylation (Supp. Fig. 4), suggesting that epigenetic modulators do not always play in a
coordinated manner.
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Among the 7 BRAFV600E signaling-related transcription factors, DD genes are more
enriched with the binding sites for myc and c-fos, two well clarified proto-oncogenes. In
addition, all of the 12 DD genes except PRMT3, CBX4 and CHD1, are potential oncogenes
since they either promoted cell proliferation and transformation or caused resistance of
cancer cells to anti-cancer drugs, and overexpression of these genes were frequently
observed in some cancers (Supp. Table 3). Interestingly, 7 of the 16 UU genes, including
BMI1, KDM3A, KDM4C, KDM5B, BPTF, SMARCA1 and ATF7IP, were reported to have
proto-oncogenic effects, while only 4 of the UU genes, including ING4, KAT5, NCOA2 and
NCOR2, showed tumor-suppressing functions in previous studies (Supp. Table 3). Thus, it
is not surprising that overall the DD genes are better correlated than the UU genes with the
methylation and expression of TSGs in melanoma cells and prognosis of patients with
melanoma.

As inhibition of the BRAFV600 signaling pathway induces growth arrest and even cell
death in BFARV600E melanoma cells, it is anticipated that inhibitors of the pathway will
likely up-regulate TSG expression while down-regulate the oncogene expression in
melanoma cells. Therefore, it is slightly confusing that nearly half of the UU genes turn out
to have oncogenic effects. Previously it was reported that low level of ERK activation
promotes DNA synthesis and cell cycle progression whereas high level of ERK activation
cause cell cycle arrest and senescence by inducing the expression of various TSGs [12].
Similarly, one can hypothesize that moderate inhibition of MAPK pathway causes cell cycle
arrest through down-regulating the expression of some oncogenes, while over inhibition of
the pathway may induce the expression of some other oncogenes directly or indirectly,
which may be an instinct of cells formed in a long evolutionary process to maintain their
survival under extreme environments.

Protein arginine methyltransferases (PRMTs) catalyze the methylation of arginine in various
proteins including histones H2A, H3 and H4 [2]. In mammalian cells, 10 PRMTs have been
classified into Type I (PRMT1, 3, 4, 6 and 8) and Type II (PRMT5, 7 and FBXO11)
depending on their specific catalytic activity [2]. No activity has yet been demonstrated for
PRMT2 and PRMT9 [2]. Interestingly, in our study, 4 PRMTs including PRMT1, 3, 5 and 7,
which accounts for the one third of 12 DD genes, were down-regulated by BRAFV600E
signaling inhibition, and their expressions were negatively correlated with the TSGs
expression in melanoma cells significantly. In addition, PRMT3 and 7 were also positively
correlated with the methylation level of the TSGs significantly. Three of the 4 PRMTs
showed oncogenic effects in previous studies [2,21]. These results suggested that histone
methylation by PRMTs might play an important role in the epigenetic silence of TSG by
BRAFV600E signaling in melanoma cells.

In summary, in this study we found that the expression of 12 epigenetic genes, which are
regulated by BRAFV600E signaling, were closely associated with the methylation and
silence of TSGs in melanoma cells, and furthermore, associated with short survival of
patients with melanoma. In addition, the 12 genes are enriched with the binding sites for
proto-oncogenes myc and c-fos, suggesting that myc and c-fos mediated transcription
regulation of the expression of epigenetic genes might be involved in the BRAFV600
signaling-induced TSG silence in melanoma cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at
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Fig. 1.
Differentially expressed epigenetic genes in melanoma cells after inhibition of BRAFV600
signaling. The differently expressed genes were identified by SAM procedure, and the
heatmaps was generated by R program.
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Fig. 2.
Pearson correlation analysis of the expression of epigenetic genes to the expression of the 11
potential TSGs in melanoma. (A) Box-Whisker plots of Pearson’s r. The Pearson’s r
between the expression of 11 potential TSGs themselves were used as control of positive
correlation. The box-plot shows the five statistics (lower whisker is 5% minimum, lower box
part is the 25th percentile, solid line in box presents the median, upper box part is 75th
percentile, and upper whisker is 95% maximum). Welch t-test was used to analyze the
difference of Pearson’s r between the three groups of epigenetic genes. (B) Individual
Pearson’s r of the expression of each DD and UU gene to the expression of 11 potential
TSGs. Each row represents Pearson’s r of the DD and UU genes to a TSG from one
microarray dataset. The DD or UU genes whose Pearson’s r values are statistically
significant from the whole epigenetic genes were indicated with symbol *(Randomization
test, Supp. Fig. 3A). The missing values were shown with white color.
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Fig. 3.
Pearson correlation analysis of the expression of epigenetic genes to the methylation level of
the 31 potential TSGs. (A) Box-Whisker plots of Pearson’s r. The Pearson’s r of the
expression of the 31 methylated genes to their own methylation level were used as control of
negative correlation. The five statistics of the box-plot and statistic method were described
in legend. (B) Individual Pearson’s r of the expression of each DD and UU gene to the
methylation of the 31 methylated genes. The DD or UU genes whose Pearson’s r values are
statistically significant from the whole epigenetic genes were indicated with
symbol *(Randomization test, Supp. Fig. 3B).
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Fig. 4.
Survival analysis in patients with melanoma. Kaplan–Meier analysis were performed for
groups based on the sum of the relative expression level of DD (A, C) or UU (B, D) genes.
The survival information was retrieved from dataset GSE19234 (A, B) and GSE22153 (C,
D).
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