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Abstract

In the human placenta, DNA hypomethylation permits the expression of retrotransposon-derived genes that are normally
silenced by methylation in somatic tissues. We previously identified hypomethylation of a retrotransposon-derived
transcript of the voltage-gated potassium channel gene KCNH5 that is expressed only in human placenta. However, an RNA
sequence from this placental-specific transcript has been reported in melanoma. This study examined the promoter
methylation and expression of the retrotransposon-derived KCNH5 transcript in 25 melanoma cell lines to determine
whether the acquisition of ‘placental’ epigenetic marks is a feature of melanoma. Methylation and gene expression analysis
revealed hypomethylation of this retrotransposon in melanoma cell lines, particularly in those samples that express the
placental KCNH5 transcript. Therefore we propose that hypomethylation of the placental-specific KCNH5 promoter is
frequently associated with KCNH5 expression in melanoma cells. Our findings show that melanoma can develop
hypomethylation of a retrotransposon-derived gene; a characteristic notably shared with the normal placenta.
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Introduction

The human placenta, a globally hypomethylated tissue, is

becoming increasingly known for harbouring unmethylated

repetitive sequences [1]. The epigenetic activation of repeat

sequences in the placenta is demonstrated by the finding that

many repetitive elements that are normally silenced by methyla-

tion in somatic tissues are transcribed in the placenta [1–5]. Of the

repeat elements, the Alu elements, long interspersed nuclear

elements (LINEs), and satellite regions display a reduced level of

methylation in the placenta compared to the majority of somatic

tissues [6–8]. The unique placental expression of these normally

silenced repeat elements suggests a functional role for these

sequences in the placenta, a role exemplified by the retrovirus-

derived gene syncytin (ERVWE1), which is essential for trophoblast

differentiation during placental development [9,10].

The loss of DNA methylation at certain repetitive sequences has

been shown to be a hallmark in some cancers [11,12].

Hypomethylation of repetitive elements has been associated with

genome instability, a trait that is commonly associated with cancer

[12–14]. The parallel hypomethylation of repetitive elements in

the placenta and in cancer is just one of the many well-

documented similarities between placental and cancer cells. These

two cell types also share common molecular mechanisms that are

thought to regulate their similar proliferative, migratory and

invasive phenotypes [15]. The invasion of the trophoblast during

placental development is noted to be similar to tumour invasion in

cancer [16,17]. In addition, the co-existence of genetically

dissimilar fetal and maternal cells in the placenta echoes the

interface of genetically normal and genetically abnormal cancer

cells that occurs in neoplasms.

We previously identified a novel retrotransposon-derived

transcript of the KCNH5 gene that is hypomethylated and

expressed specifically in the human placenta [18]. The expression

of this placental transcript (referred to in this study as pKCNH5;

previously called transcript 1a) is regulated by a hypomethylated

promoter and first exon region that recently arose from a SINE

(AluY) retrotransposition event. This region is silenced and

methylated in all studied non-placental tissues. Data from the

Roadmap Epignomics Project (http://www.roadmapepigenomics.

org/) show that placenta is the only normal tissue with DNAseI

hypersensitivity at the pKCNH5 promoter, supporting its unique

hypomethylated status [19]. From this same source, MeDIP data

confirms methylation of the pKCNH5 promoter in somatic tissues.

Of the six reported human mRNA sequences for KCNH5 in

GenBank (http://www.ncbi.nlm.nih.gov/genbank/), two se-

quences begin translation using this upstream SINE-derived

placental promoter, giving rise to two pKCNH5 transcripts that

differ in their 39 ends [20]. The remaining four mRNA sequences

in GenBank are translated using a downstream promoter, which is

unmethylated and used for expression in a wide range of somatic

tissues [18]. This downstream promoter gives rise to somatic

KCNH5 transcripts that also differ in their 39 ends (collectively

referred to in this study as sKCNH5; previously called transcript

1b). Although ‘‘pKCNH5’’ and ‘‘sKCNH5’’ are not the current

nomenclature for the reported KCNH5 transcripts, these terms are

being used in this study to highlight whether the placental (p) or

somatic (s) promoter is being used for KCNH5 transcription. Based
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on the reported transcripts, each promoter of KCNH5 is predicted

to give rise to two protein isoforms, resulting in four predicted

isoforms for KCNH5. Unexpectedly, one pKCNH5 mRNA and

two EST sequences in Genbank were derived from melanotic

melanoma (BC043409, BQ439615 and BX281706).

The KCNH5 gene (also known as EAG2), encodes an EAG

voltage-gated potassium channel that is involved in the regulation

of cell cycle and proliferation [21]. Previous work investigating the

oncogenic potential of a closely related EAG potassium channel

(EAG1/KCNH1; ,70% homologous to KCNH5 [22,23]) detected

expression in several somatic cancer cell lines (including melano-

ma), normal adult brain and placenta, but not in other normal

somatic cells [21]. These expression patterns prompted investiga-

tion of KCNH1 as a potential cancer biomarker [24]. Although the

function of KCNH1 is better understood than that of KCNH5, both

of these genes are thought to be involved in cell cycle regulation

and tumour progression in cancer [21,25].

Given that the placental-specific transcript of KCNH5 has been

detected in melanoma [26,27], we aimed to investigate whether its

retrotransposon-derived promoter, which is hypermethylated in

those studied normal tissues from the body [18], becomes

hypomethylated in melanoma. We hypothesised that genes that

are hypomethylated and active in the placenta may become

inappropriately activated in cancer tissues by similar epigenetic

mechanisms.

Materials and Methods

Ethics Statement
The samples of human placenta were obtained with written

consent under the approval of the Lower South Regional Ethics

Committee (New Zealand). The human fetal tissues (brain, liver,

heart, stomach, adrenal) were obtained with written consent under

the approval of the Otago Ethics Committee (New Zealand). The

human adult somatic tissues (brain, kidney, heart, liver, spleen,

pancreas, lung and colon) were obtained at autopsy, following

informed written consent, under the provisions of Section 3 of the

Human Tissue Act 1964 [28]. The New Zealand melanoma

(NZM) cell lines used in this study were generated from surgical

samples of metastatic melanoma, obtained with written consent

from all patients under the guidelines and specific approval of the

Auckland Area Health Board Ethics Committee (New Zealand).

Sample Collection
The 25 human melanoma (NZM) cell lines used in this study

were generated from American Joint Committee on Cancer

(AJCC) Stage III or IV tumours of consenting patients as described

previously [29–31]. Phenotype data was available for ten of the

melanoma cell lines; categorised as either ‘‘more invasive’’ or ‘‘less

invasive’’ (previously referred to as Motif 1 and Motif 2 [32]). The

more invasive cells (n = 5) are NZM09, NZM11, NZM22,

NZM40, NZM52 and the less invasive cells (n = 5) are cell lines

NZM06, NZM12, NZM15, NZM42, NZM45. In addition to the

25 melanoma cell lines, RNA and DNA from three patients’

metastatic tumours were included in this study (samples NZM53T,

NZM58T, and NZM62T). Two of the metastatic tumour samples

(NZM53T and NZM58T) also had derivative cell lines in this

study (NZM53 and NZM58).

The samples of human placenta consisted of 31 first-trimester

placentas and one term placenta. The 31 first-trimester human

placenta samples were collected and processed as described

previously [18]. Six first-trimester placenta samples were of 35–

41 days gestation, 12 samples were of 42–48 days gestation, and 13

samples were of 49–55 days gestation. The three pooled sections

from one human term placenta (maternal facing, middle and fetal

facing) were processed as described previously [18]. The human

fetal tissues (brain, liver, heart, stomach, adrenal) were previously

collected from medically terminated pregnancy tissues. The adult

somatic tissues (brain, kidney, heart, liver, spleen, pancreas, lung

and colon) were collected at autopsy from consenting patients on

the basis that the tissues were non-diseased (as per medical

records). Peripheral blood was collected from healthy donors.

Gene Expression Analysis
RNA was extracted from melanoma cell lines and tumour tissue

by using a combined Trizol/column clean-up protocol as

described in [24]. For non-melanoma samples, RNA was

extracted from 50 mg of frozen tissue (placenta, fetal or adult

tissues) using the PureLink Micro-to-Midi Total RNA Purification

System (Invitrogen, Cat #12183-018). Complementary DNA was

made from 300 ng RNA by using the Applied Biosystems High

Capacity RNA-to-cDNA Kit (Applied Biosystems, Cat #4387406)

following the manufacturer’s protocol. To test cDNA quality, a

Reverse-Transcriptase-PCR (RT-PCR) was performed on all

samples for the beta-2-microglobulin (B2M) housekeeping gene.

Melanoma samples were then screened for KCNH5 expression

using the RT-PCR protocol described previously [18]. Primer

sequences for RT-PCRs are listed in Table S1. The presence of a

423 bp product confirmed expression using the pKCNH5 promot-

er and the presence of a 369 bp amplicon confirmed expression

using the sKCNH5 promoter. RT-negative and no-template (water)

controls were used in PCRs to exclude non-specific amplification

and genomic contamination. PCR product was then purified from

all samples in both pKCNH5 and pKCNH5 RT-PCRs using

QIAquick PCR purification kit (Qiagen, Cat #28106) following

the manufacturer’s protocol. The purified PCR product was

sequenced using the forward (transcript-specific) primers by the

Genetic Analysis Services (Department of Anatomy, University of

Otago) to determine which KCNH5 promoter was used for

transcription in each melanoma sample. Sequences were aligned

to the reported pKCNH5 and sKCNH5 sequences [33] and

alignment within the first 114 bp of pKCNH5 and 61 bp of

sKCNH5 confirmed the specific gene product. Beyond this point

the sequence of the two transcripts is the same (and continues until

exon 7).

Quantitative Gene Expression Analysis
Primers for RT-qPCR were designed to the promoter and

unique exons 1 and 2 of pKCNH5 using the IDT RealTime PCR

Custom Assay Design online tool (http://eu.idtdna.com/Scitools/

Applications/RealTimePCR). Primer sequences are listed in

Table S2. Transcript abundance was measured using Power

SYBRH Green PCR Master Mix (Applied Biosystems, Cat

#4367659) with ROX reference dye on an ABI 7300 Real-Time

PCR System. Standard curves for pKCNH5 and two reference

genes, GNB2L1 and RPL13A were generated to assess primer

efficiency. Relative transcript abundance was calculated by using

qBase+ software [34] with target-specific amplification efficiency

correction and normalisation to the GNB2L1 and RPL13A

reference genes. For each assay, reactions were performed in

triplicate and Ct values were excluded if they differed by more

than 0.55 Ct. Relative transcript abundance of pKCNH5 was

scaled to the sample with the lowest transcript abundance

(NZM61).

Sequenom MassARRAY EpiTYPER Analysis
DNA was extracted from melanoma cell lines and tumour tissue

by using a Genomic DNA Isolation Kit (Norgen Biotek Cat.

Melanoma Exhibits Placental Epigenetic Features
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#24700) according to the manufacturer’s instructions. Matched

DNA samples were available for all but three of the melanoma

RNA samples that were analysed for pKCNH5 expression

(NZM07, NZM7.4 and NZM57). DNA was extracted from

placenta, fetal and somatic tissues using the QIAamp DNA Mini

Kit (Qiagen, Cat. #51306) according to the manufacturer’s

protocol. A water sample was included as a negative control.

Samples of melanoma DNA, pooled placenta, fetal and somatic

tissues were bisulfite converted using Zymo Research EZ DNA

Methylation Kit (Zymo Research, Cat. #D5002) following an

alternative cycling protocol: 95uC for 30 seconds, 50uC for 15

minutes for 20 cycles. PCR was performed directly on bisulphite

converted DNA according to the manufacturer’s protocol

(Sequenom – San Diego, CA). Primers for pKCNH5 and sKCNH5

were designed using the EpiTyper software (Sequenom) and are

listed in Table S3. Sequenom data was analysed using the

EpiTYPER software (Sequenom). Mean methylation was calcu-

lated for the whole amplicon. Technical replicates were performed

on three samples: pooled first trimester placenta, pooled somatic

tissues and pooled fetal tissues.

Results

Gene Expression Analysis of pKCNH5 in Melanoma
KCNH5 expression was examined by RT-PCR to determine

whether melanoma samples used the placental promoter for

KCNH5 transcription. In the pKCNH5 RT-PCR, the presence of a

423 bp PCR product was detected in 11 of the 25 melanoma

samples (Figure 1B). Sequencing all samples from this PCR

confirmed the use of the placental KCNH5 promoter in the 11

melanoma samples. The quality of cDNA was confirmed by RT-

PCR of the B2M gene (Figure 1C).

Methylation Analysis of pKCNH5 in Melanoma
Sequenom analysis was used to quantify the level of retro-

transposon methylation within the promoter region of pKCNH5

Figure 1. End-point RT-PCR screening for pKCNH5 in melanoma. A. Genomic map of KCNH5 showing transcripts that use the placental
promoter (pKCNH5) and transcripts that use the somatic promoter (sKCNH5). Transcripts are different in their first exons and alignment starts at exon
two (and continues until exon 7). The grey box shows the SINE retrotransposon and the red line denotes the region of analysed methylation. B.
Detection of pKCNH5 RT-PCR product (423 bp) by agarose gel electrophoresis. The positive (placenta) and negative (brain) controls confirmed
specific presence and absence of the pKCNH5 product, respectively. All samples were sequenced and red asterisks indicate the 11 melanoma samples
that were confirmed to use the placental promoter and express pKCNH5, as well as the positive control sample of placenta. C. Screening cDNA for the
internal control B2M gene (109 bp product). The varying product intensities are likely to result from differences in B2M mRNA template produced by
each melanoma cell line. Sample NZM15 consistently displayed negligable B2M expression yet was positive for pKCNH5 expression.
doi:10.1371/journal.pone.0095840.g001
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(Figure 2A). Mean pKCNH5 methylation was lower in melanoma

samples that expressed the placental transcript (25%) and higher in

melanoma samples that did not express the transcript (50%)

(Figure 2B). The low levels of methylation in first trimester

placenta (11%) and term placenta (15%) and high levels of

methylation in pooled somatic tissues (89%) and pooled fetal

tissues (93%) are consistent with our previously published results

[18] (which are included in Figure 2).

Quantitative Expression Analysis of pKCNH5 in Melanoma
Quantitative expression analysis of pKCNH5 in melanoma

showed an inverse relationship between pKCNH5 expression and

promoter methylation (Figure 3). Not all hypomethylated tumour

samples showed expression of pKCNH5, but there appears to be a

threshold at which pKCNH5 hypomethylation may become

permissive of expression, i.e., less than approximately 50%

methylation. Indeed, pKCNH5 transcript expression in cell lines

with above 50% promoter methylation was significantly lower

than those with below 50% (p = 0.0017; Figure 4). Additional

analysis of individual CpG sites in the pKCNH5 promoter did not

reveal a specific CpG site whose methylation was more predictive

of expression than that of the promoter as a whole.

Gene Expression and Methylation Analysis of sKCNH5 in
Melanoma

Our previous comparison of placental and somatic tissues

suggested that transcription of pKCNH5 is independent of that

from the sKCNH5 promoter. For sKCNH5, RT-PCR followed by

sequencing revealed that the somatic promoter was expressed in

five of the 25 melanoma cell lines (NZM01, NZM06, NZM40,

NZM52, NZM53) (Figure S1); four of which also used the

placental promoter (NZM06, NZM40, NZM52, NZM53). The

negative (placenta) and positive (brain) controls showed presence

and absence of the sKCNH5 product, respectively. The association

between pKCNH5 and sKCNH5 expression is shown in Figure S3A.

Mean methylation of the sKCNH5 promoter was found to be

low in nearly all examined tissues including melanoma (Figure S2).

There was no correlation between the methylation of pKCNH5

Figure 2. Mean promoter methylation for pKCNH5. A. Genomic map of the pKCNH5 amplicon that was examined by Sequenom. Coordinates
refer to the genomic location with respect to the pKCNH5 transcription start site. Red circles represent individual CpG sites. Black arrows represent
primers used to amplify the 313 bp product, which contained 17 CpG sites that were analysed for methylation (all of which are located within the
SINE (AluY) element). B. Columns represent mean CpG methylation for the amplicon. Solid bars represent Sequenom data from the present study and
lined bars represent previously published Sequenom data [18]. In the present study, somatic and fetal tissues were quantified as pools of DNA
(somatic pool: adult brain, kidney, heart, liver, spleen, pancreas, lung, colon and peripheral blood; fetal pool: fetal brain, liver, heart, stomach, and
adrenal). In the previous study, somatic tissues (brain, kidney, heart, liver, spleen) and fetal tissues (brain, liver, heart, kidney and adrenal) were
quantified as individual tissues; the lined bars represent mean methylation of these samples. Based on end-point pKCNH5 RT-PCR data (confirmed by
sequencing), 11 melanoma samples express pKCNH5 (NZM09, NZM40, NZM06, NZM12, NZM15, NZM23, NZM53, NZM58, NZM52, NZM53T and
NZM58T) and 17 samples did not express pKCNH5. Error bars represent the 95% confidence interval of the mean.
doi:10.1371/journal.pone.0095840.g002
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and sKCNH5 promoters in melanoma samples (Figure S3B). The

association between sKCNH5 methylation and sKCNH5 expression

in melanoma is shown in Figure S3C.

Discussion

The EAG class of ion channels is overexpressed in many cancers

[35,36]. It is suggested that they regulate cell proliferation through

control of the entry of cells into the G1 phase of the cell cycle

[37,38]. Therefore, molecular changes to EAG channels may result

in dysregulation of cellular proliferation, one of the hallmarks of

carcinogenesis. In this study, the expression of pKCNH5 in

melanoma cells correlates with hypomethylation of the promoter

region, suggesting that this epigenetic change may accompany the

expression of pKCNH5 which contributes to the oncogenic change

in melanocytes [39,40].

DNA hypomethylation in melanoma has been associated with

aberrant gene expression and the unsilencing of normally

methylated repeat regions. Studies have shown that hypomethyla-

tion in melanoma correlates with activation and expression of

some of the cancer testis (CT) genes [41,42]. CT genes encode

protein antigens that are normally expressed in adult testicular

germ cells (and not in somatic tissues) [43,44]. Given the number

of hypomethylated (and aberrantly activated) CT genes in

melanoma, they are now being studied as potential targets for

slowing melanoma progression [42,44]. In addition, hypomethyla-

tion of the non-coding retrotransposon sequence, long interspersed

nuclear element-1 (LINE1), was identified as a feature of

melanoma, with the degree of LINE1 hypomethylation positively

correlated with melanoma progression [45].

In this study, the expression of pKCNH5 is significantly higher in

melanoma cell lines that have lower levels of promoter methyl-

ation. Hypomethylation alone does not guarantee increased gene

expression, but can act permissively to allow gene expression.

There were no differences in promoter methylation or pKCNH5

expression between the ‘‘more invasive’’ and ‘‘less invasive’’

melanoma cell lines (data not shown). This suggests that pKCNH5

is not involved in invasion, which was not surprising given that

KCNH5 is thought to be a regulator of cell proliferation instead of

invasion [37,38]. Although the use of cultured melanoma cell lines

presents a risk for culture-induced epigenetic changes, the small

differences in methylation (12% and 13%) between the tumour

samples (NZM53T and NZM58T) and their derivative cell lines

(NZM53 and NZM58) suggests that the cell lines did not acquire

significant epigenetic aberrations in culture.

Similar to our previous findings [18], methylation of the somatic

KCNH5 promoter (sKCNH5) was low in all of the examined tissues.

Expression of sKCNH5, the promoter of which is not derived from

a retrotransposon, is not associated with pKCNH5 expression in

melanoma samples (Figure S3A). The methylation of sKCNH5 is

also not related to pKCNH5 methylation in melanoma (Figure

S3B). Importantly, we and others have found that primary adult

melanocytes do not express either transcript of KCNH5 (Supple-

mentary Figure 4 in [18] and data from the UCSC browser [26]).

According to data from the Roadmap Epigenomics Project,

melanocytes show no DNase1 sensitivity at the sKCNH5 promoter,

suggesting a condensed chromatin state (not transcriptionally

Figure 3. Mean promoter methylation and relative expression of pKCNH5 in melanoma cell lines. Average promoter methylation (%) is
depicted on the left-hand axis and displayed as blue columns. pKCNH5 expression (relative to the lowest expressing cell line; NZM61) is depicted on
the right-hand axis and shown as red circles. Error bars represent the standard error of the mean. Samples labeled ‘‘(T)’’ refer to samples from
metastatic tumour RNA/DNA (NZM53T, NZM58T and NZM62T).
doi:10.1371/journal.pone.0095840.g003
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active) at that site [19]. Thus the finding that melanoma samples

express the placental transcript of KCNH5 is notable given that

healthy (non-cancerous) melanocytes do not express either

transcript of this gene.

We have previously demonstrated that the retrotransposon-

derived transcript of KCNH5 is expressed exclusively in the human

placenta. We detected high levels of methylation in its promoter

and did not detect expression in any of the somatic tissues (brain,

kidney, heart, liver and spleen) [18]. Therefore, the expression of

pKCNH5 and its coordinate hypomethylation in melanoma may

reflect a tumour-associated epigenetic change. Hypomethylation

and expression of many retrotransposon-derived sequences in the

placenta is assumed to contribute to the invasive features of the

primate hemochorial placenta [46,47]. We speculate that

hypomethylation in melanoma cells may involve mechanisms

similar to those in the placenta and contribute to their malignant

phenotype. Analysis of other retrotransposon-derived promoters in

melanoma may provide further insight into hypomethylation as an

event that is part of the cancer transformation pathway.

Supporting Information

Figure S1 End-point RT-PCR screening for sKCNH5 in
melanoma. A. Detection of sKCNH5 product by agarose gel

electrophoresis. All samples were sequenced and red asterisks

indicate the five melanoma samples that were confirmed to use the

somatic promoter (NZM01, NZM06, NZM40, NZM52, NZM53)

and express sKCNH5 (369 bp). B. RT-negative samples confirm

specificity of the sKCNH5 RT-PCR.

(TIFF)

Figure S2 Mean promoter methylation for sKCNH5. A.

Genomic map of sKCNH5 amplicon that was examined by

Sequenom. Coordinates refer to the genomic location with respect

to the sKCNH5 transcription start site. Red circles represent

individual CpG sites. Black arrows represent primers used to

amplify the 445 bp product, which contained 38 CpG sites that

were analysed for methylation. B. Columns represent mean CpG

methylation for the amplicon. Solid bars represent Seqeunom data

from the present study and lined bars represent previously

published Sequenom data [18]. Error bars represent the 95%

confidence interval.

(TIFF)

Figure S3 Relative pKCNH5 expression compared to
presence or absence of sKCNH5 expression in melano-
ma. A. Expression of pKCNH5 was not related to expression of

sKCNH5. Data points represent relative pKCNH5 expression values

(from qRT-PCR) for the 25 melanoma cell lines, grouped by

presence or absence of sKCNH5 expression. An unpaired T-test

with Welch’s correction was performed, yielding a p-value of

0.384. B. Methylation of pKCNH5 was not related to sKCNH5.

Data points represent pKCNH5 and sKCNH5 methylation values

for the 25 melanoma cell lines. A linear regression analysis was

performed, yielding a p-value of 0.335. C. The relationship

between sKCNH5 expression and methylation. Data points

represent sKCNH5 methylation and expression values, grouped

by presence or absence of sKCNH5 expression (based on

sequecning of end-point RT-PCR product). An unpaired T-test

with Welch’s correction was performed, yielding a borderline-

significant p-value of 0.029, which is largely attributable to a single

outlying point (a non-expressing sample with 60% methylation).

(TIFF)

Table S1 Primer sequences for end-point RT-PCR gene
expression analysis of pKCNH5 and sKCNH5 in mela-
noma cell lines.

(DOCX)

Table S2 Primer sequences for quantitative RT-PCR
gene expression analysis of pKCNH5 in melanoma cell
lines.

(DOCX)

Table S3 Primer sequences for Sequenom promoter
methylation analysis of pKCNH5 and sKCNH5 in
melanoma cell lines.

(DOCX)

Acknowledgments

We thank the women who donated their pregnancy tissues and the patients

who donated their melanoma samples to this study. We acknowledge

funding from the University of Otago and Gravida: National Centre for

Growth and Development (New Zealand).

Author Contributions

Conceived and designed the experiments: ECM IMM. Performed the

experiments: ECM HER XC. Analyzed the data: ECM HER XC.

Contributed reagents/materials/analysis tools: ARJ BCB IMM. Wrote the

paper: ECM HER XC.

Figure 4. Relative pKCNH5 expression in melanoma cells based
on degree of promoter methylation. Columns represent the mean
relative pKCNH5 expression value for the 25 melanoma cell lines
(grouped by promoter methylation status of ,50% or .50%).
Expression data for 16 cell lines is displayed in the ,50% methylation
column, and expression data for nine cell lines is displayed in the .50%
methylation column. An unpaired T-test with Welch’s correction was
performed, yielding a p-value of 0.0035. Error bars represent the
standard error of the mean.
doi:10.1371/journal.pone.0095840.g004

Melanoma Exhibits Placental Epigenetic Features

PLOS ONE | www.plosone.org 6 April 2014 | Volume 9 | Issue 4 | e95840



References

1. Reiss D, Zhang Y, Mager DL (2007) Widely variable endogenous retroviral

methylation levels in human placenta. Nucleic Acids Res 35: 4743–4754.
2. Okahara G, Matsubara S, Oda T, Sugimoto J, Jinno Y, et al. (2004) Expression

analyses of human endogenous retroviruses (HERVs): tissue-specific and
developmental stage-dependent expression of HERVs. Genomics 84: 982–990.

3. Kato N, Pfeifer-Ohlsson S, Kato M, Larsson E, Rydnert J, et al. (1987) Tissue-

specific expression of human provirus ERV3 mRNA in human placenta: two of
the three ERV3 mRNAs contain human cellular sequences. J Virol 61: 2182–

2191.
4. Wilkinson DA, Goodchild NL, Saxton TM, Wood S, Mager DL (1993)

Evidence for a functional subclass of the RTVL-H family of human endogenous

retrovirus-like sequences. J Virol 67: 2981–2989.
5. Kim HS, Yi JM, Hirai H, Huh JW, Jeong MS, et al. (2006) Human Endogenous

Retrovirus (HERV)-R family in primates: Chromosomal location, gene
expression, and evolution. Gene 370: 34–42.

6. Shen HM, Nakamura A, Sugimoto J, Sakumoto N, Oda T, et al. (2006) Tissue
specificity of methylation and expression of human genes coding for

neuropeptides and their receptors, and of a human endogenous retrovirus K

family. J Hum Genet 51: 440–450.
7. Gama-Sosa MA, Wang RY, Kuo KC, Gehrke CW, Ehrlich M (1983) The 5-

methylcytosine content of highly repeated sequences in human DNA. Nucleic
Acids Res 11: 3087–3095.

8. Hellmann-Blumberg U, Hintz MF, Gatewood JM, Schmid CW (1993)

Developmental differences in methylation of human Alu repeats. Mol Cell Biol
13: 4523–4530.

9. Blond JL, Lavillette D, Cheynet V, Bouton O, Oriol G, et al. (2000) An envelope
glycoprotein of the human endogenous retrovirus HERV-W is expressed in the

human placenta and fuses cells expressing the type D mammalian retrovirus
receptor. J Virol 74: 3321–3329.

10. Mi S, Lee X, Li X, Veldman GM, Finnerty H, et al. (2000) Syncytin is a captive

retroviral envelope protein involved in human placental morphogenesis. Nature
403: 785–789.

11. Szpakowski S, Sun X, Lage JM, Dyer A, Rubinstein J, et al. (2009) Loss of
epigenetic silencing in tumors preferentially affects primate-specific retro-

elements. Gene 448: 151–167.

12. Ehrlich M (2002) DNA methylation in cancer: too much, but also too little.
Oncogene 21: 5400–5413.

13. Ross JP, Rand KN, Molloy PL (2010) Hypomethylation of repeated DNA
sequences in cancer. Epigenomics 2: 245–269.

14. Eden A, Gaudet F, Waghmare A, Jaenisch R (2003) Chromosomal instability
and tumors promoted by DNA hypomethylation. Science 300: 455.

15. Ferretti C, Bruni L, Dangles-Marie V, Pecking AP, Bellet D (2007) Molecular

circuits shared by placental and cancer cells, and their implications in the
proliferative, invasive and migratory capacities of trophoblasts. Hum Reprod

Update 13: 121–141.
16. Damsky CH, Fitzgerald ML, Fisher SJ (1992) Distribution patterns of

extracellular matrix components and adhesion receptors are intricately

modulated during first trimester cytotrophoblast differentiation along the
invasive pathway, in vivo. J Clin Invest 89: 210–222.

17. Fisher SJ, Damsky CH (1993) Human cytotrophoblast invasion. Semin Cell Biol
4: 183–188.

18. Macaulay EC, Weeks RJ, Andrews S, Morison IM (2011) Hypomethylation of
functional retrotransposon-derived genes in the human placenta. Mamm

Genome 22: 722–735.

19. Meyer LR, Zweig AS, Hinrichs AS, Karolchik D, Kuhn RM, et al. (2013) The
UCSC Genome Browser database: extensions and updates 2013. Nucleic Acids

Res 41: D64–69.
20. Benson DA, Clark K, Karsch-Mizrachi I, Lipman DJ, Ostell J, et al. (2014)

GenBank. Nucleic Acids Res 42: D32–37.

21. Pardo LA, del Camino D, Sanchez A, Alves F, Bruggemann A, et al. (1999)
Oncogenic potential of EAG K(+) channels. EMBO J 18: 5540–5547.

22. Bauer CK, Schwarz JR (2001) Physiology of EAG K+ channels. J Membr Biol
182: 1–15.

23. Ludwig J, Weseloh R, Karschin C, Liu Q, Netzer R, et al. (2000) Cloning and

functional expression of rat eag2, a new member of the ether-a-go-go family of
potassium channels and comparison of its distribution with that of eag1. Mol

Cell Neurosci 16: 59–70.

24. Rodriguez-Rasgado JA, Acuna-Macias I, Camacho J (2012) Eag1 Channels as

Potential Cancer Biomarkers. Sensors 12: 5986–5995.

25. Wadhwa S, Wadhwa P, Dinda AK, Gupta NP (2009) Differential expression of
potassium ion channels in human renal cell carcinoma. Int Urol Nephrol 41:

251–257.

26. Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, et al. (2002) The

human genome browser at UCSC. Genome Res 12: 996–1006.

27. Strausberg RL, Feingold EA, Grouse LH, Derge JG, Klausner RD, et al. (2002)

Generation and initial analysis of more than 15,000 full-length human and
mouse cDNA sequences. Proc Natl Acad Sci U S A 99: 16899–16903.

28. (1964) Human Tissue Act.

29. Baguley BC, Marshall ES (2004) In vitro modelling of human tumour behaviour

in drug discovery programmes. Eur J Cancer 40: 794–801.

30. Marshall ES, Matthews JH, Shaw JH, Nixon J, Tumewu P, et al. (1994)

Radiosensitivity of new and established human melanoma cell lines: comparison
of [3H]thymidine incorporation and soft agar clonogenic assays. Eur J Cancer

30A: 1370–1376.

31. Stones CJ, Kim JE, Joseph WR, Leung E, Marshall ES, et al. (2013) Comparison

of responses of human melanoma cell lines to MEK and BRAF inhibitors. Front
Genet 4: 66.

32. Jeffs AR, Glover AC, Slobbe LJ, Wang L, He S, et al. (2009) A gene expression
signature of invasive potential in metastatic melanoma cells. PLoS ONE 4:

e8461.

33. Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Sayers EW (2009)

GenBank. Nucleic Acids Res 37: D26–31.

34. Hellemans J, Mortier G, De Paepe A, Speleman F, Vandesompele J (2007)

qBase relative quantification framework and software for management and
automated analysis of real-time quantitative PCR data. Genome Biol 8: R19.

35. Camacho J (2006) Ether a go-go potassium channels and cancer. Cancer Lett

233: 1–9.

36. Farias LM, Ocana DB, Diaz L, Larrea F, Avila-Chavez E, et al. (2004) Ether a

go-go potassium channels as human cervical cancer markers. Cancer Res 64:
6996–7001.

37. Kunzelmann K (2005) Ion channels and cancer. J Membr Biol 205: 159–173.

38. Pardo LA (2004) Voltage-gated potassium channels in cell proliferation.

Physiology (Bethesda) 19: 285–292.

39. Hoffmann MJ, Schulz WA (2005) Causes and consequences of DNA

hypomethylation in human cancer. Biochem Cell Biol 83: 296–321.

40. Ehrlich M (2009) DNA hypomethylation in cancer cells. Epigenomics 1: 239–

259.

41. Schinke C, Mo Y, Yu Y, Amiri K, Sosman J, et al. (2010) Aberrant DNA
methylation in malignant melanoma. Melanoma Res 20: 253–265.

42. Zendman AJ, de Wit NJ, van Kraats AA, Weidle UH, Ruiter DJ, et al. (2001)
Expression profile of genes coding for melanoma differentiation antigens and

cancer/testis antigens in metastatic lesions of human cutaneous melanoma.
Melanoma Res 11: 451–459.

43. Caballero OL, Chen YT (2009) Cancer/testis (CT) antigens: potential targets for
immunotherapy. Cancer Sci 100: 2014–2021.

44. Simpson AJ, Caballero OL, Jungbluth A, Chen YT, Old LJ (2005) Cancer/testis
antigens, gametogenesis and cancer. Nat Rev Cancer 5: 615–625.

45. Hoshimoto S, Kuo CT, Chong KK, Takeshima TL, Takei Y, et al. (2012) AIM1
and LINE-1 epigenetic aberrations in tumor and serum relate to melanoma

progression and disease outcome. J Invest Dermatol 132: 1689–1697.

46. Bieche I, Laurent A, Laurendeau I, Duret L, Giovangrandi Y, et al. (2003)

Placenta-specific INSL4 expression is mediated by a human endogenous
retrovirus element. Biol Reprod 68: 1422–1429.

47. Rawn SM, Cross JC (2008) The evolution, regulation, and function of placenta-
specific genes. Annu Rev Cell Dev Biol 24: 159–181.

Melanoma Exhibits Placental Epigenetic Features

PLOS ONE | www.plosone.org 7 April 2014 | Volume 9 | Issue 4 | e95840


