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Introduction

Ewing sarcoma is a rare malignant bone tumor occurring 
predominantly in children and adolescents, but is also seen in 
adults. Ewing sarcoma is the second most common primary bone 
tumor, characterized by EWS/ETS translocation and is thought 
to originate from mesenchymal stem cells.1 The most common 
sites of involvement are the long bones, pelvis, ribs, and vertebral 
column. A combination of chemotherapy and excision, with or 
without radiotherapy, is used to manage the disease. Although 
prognosis for localized disease has improved greatly over the 
past decades, 20–30% of patients have metastasis at the time of 
diagnosis and prognosis for these patients is very poor. Hence, 
molecular markers that can help in diagnosis or prognosis are 
urgently required and may also provide novel targets for ther-
apy.2 Epigenetic changes, such as DNA methylation, can pro-
vide such biomarkers and have shown promise in other cancers.3 
Examples include predictive markers for cancer therapy: MGMT 
methylation predicts response to temozolomide treatment in 
glioblastoma patients;4 prognostic biomarkers for cancer pro-
gression/outcome-promoter methylation of a panel of four genes 

(CDKN2A, CDH13, RASSF1A, and APC) predicts recurrence in 
early stage non-small cell lung cancer; and biomarkers for early 
detection of cancer—vimentin (VIM) gene methylation has been 
developed as the first commercially available DNA methylation-
based diagnostic test for early detection of colorectal cancer.5-7

Previously, we undertook a candidate gene approach and dem-
onstrated that RASSF2 methylation is associated with poor prog-
nosis in ES patients.8 Accumulation of promoter region DNA 
hypermethylation leading to silencing of cancer related genes are 
a frequent event in many types of cancers. In the current study, 
we used high density whole transcriptome gene expression arrays 
on ES cell lines after pharmacological unmasking of methylated 
DNA to identify novel genes epigenetically silenced in Ewing 
sarcoma.

Results

Identification of silenced and hypermethylated genes in ES 
patient cohort

Three Ewing sarcoma cell lines were treated with the demeth-
ylating agent 5-aza-2′-deoxycytidine (5 μM) for 5 d to re-activate 
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Using a candidate gene approach we recently identified frequent methylation of the RASSF2 gene associated with 
poor overall survival in Ewing sarcoma (Es). To identify effective biomarkers in Es on a genome-wide scale, we used 
a functionally proven epigenetic approach, in which gene expression was induced in Es cell lines by treatment with a 
demethylating agent followed by hybridization onto high density gene expression microarrays. after following a strict 
selection criterion, 34 genes were selected for expression and methylation analysis in Es cell lines and primary Es. Eight 
genes (CTHRC1, DNAJA4, ECHDC2, NEFH, NPTX2, PHF11, RARRES2, TSGA14) showed methylation frequencies of >20% in Es 
tumors (range 24–71%), these genes were expressed in human bone marrow derived mesenchymal stem cells (hBMsc) 
and hypermethylation was associated with transcriptional silencing. Methylation of NPTX2 or PHF11 was associated with 
poorer prognosis in Es. In addition, six of the above genes also showed methylation frequency of >20% (range 36–50%) 
in osteosarcomas. Identification of these genes may provide insights into bone cancer tumorigenesis and development 
of epigenetic biomarkers for prognosis and detection of these rare tumor types.
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epigenetically silenced/downregulated genes and changes in gene 
expression were measured on Illumina’s HumanHT-12 v4 gene 
expression arrays that contain probes for >47 000 transcripts 
across the human transcriptome. Gene expression was also mea-
sured for human bone marrow derived mesenchymal stem cells 
(hBMSC) as the control tissue on the same gene expression arrays 
as the ES cell lines. In order to prioritize genes for methylation 
analysis, we initially focused on genes which showed a 2-fold or 
greater increase in expression following demethylation in two or 
more cell lines. Transcripts that represented hypothetical proteins 
and imprinted genes were also removed as well as genes located 
on X and Y chromosomes. Next, we excluded genes that did not 
have a predicted promoter region CpG island, as predicted by 
the human genome browser (www.genome.ucsc.edu). Finally, 34 
genes were selected for methylation analysis (Fig. S1; Table S1). 
These genes showed no (or low) basal expression before 5-aza-2′-
deoxycytidine treatment, were upregulated after treatment with 
the demethylating agent and were expressed in hBMSC. Next, 22 
genes from the above list of 34 genes were selected for confirma-
tion of the gene expression microarray data. RT-PCR analyses 
demonstrated a good correlation (17 out of 22 confirmed; 77%) 
with microarray based estimates of changes in gene expression 
and were expressed in hBMSC (Fig. 1A). No further analysis 
of the 5 false positive genes was performed. Among the remain-
ing 29 genes analyzed for methylation in ES cell lines using 
COBRA (Combined Bisulfite Restriction Analysis), 21 showed 
methylation in two or more cell lines (72%). In the majority of 
the cases, there was a good correlation between gene expression 
and gene methylation status (Fig. 1B). We next analyzed pri-
mary ES tumors for methylation of the above 21 genes found to 
be frequently methylated in ES cell lines. In primary ES sample 
cohort (n = 46), 8 genes showed methylation frequency of >20% 
in ES tumors (CTHRC1 [29%], DNAJA4 [28%], ECHDC2 
[71%], NEFH [47%], NPTX2 [61%], PHF11 [24%], RARRES2 
[28%], TSGA14 [60%] (Figs. 2 and 3; Table S2). These genes 

were expressed (and unmethylated) in hBMSC and showed 
upregulation of gene expression in methylated ES cell lines after 
5-azaDC treatment (Fig. 1). The remaining genes were either 
unmethylated or showed low methylation frequency in primary 
ES tumors. COBRA results for the frequently methylated genes 
were confirmed by clone sequencing of bisulfite modified DNA 
and, as expected, showed heterogeneous pattern of methylation 
in primary tumors (Fig. 4).

Methylation frequency in osteosarcomas
Osteosarcoma is the most frequently occurring primary bone 

tumor. Analysis of 6 of the above 8 genes in osteosarcomas dem-
onstrated that these genes were also frequently methylated in 
these tumors (n = 12) (range of frequency 36–50%) (Fig. 5). The 
frequently methylated genes demonstrated upregulation of gene 
expression in methylated osteosarcoma cell lines after treatment 
with 5-azaDC. Hence, some of these genes may have biological 
and or clinical relevance for development of osteosarcomas.

ES patient survival and gene methylation
We analyzed whether methylation in ES patient samples for 

the 8 frequently methylated genes was associated with patient 
survival. There was no significant association between meth-
ylation status and overall survival for 6 of the 8 genes as dem-
onstrated by Kaplan-Meier survival curves. However, NPTX2 
methylation (P = 0.04; P = 0.002 for ≤18 y) or PHF11 (P = 0.007; 
P = 0.01 for ≤18 y) methylation was associated with significantly 
poorer prognosis (Fig. 6).

Discussion

Cancer specific epigenetic alterations are a hallmark of tumor 
suppressor gene inactivation in human cancers. In recent years, 
various high throughput genome-wide screening approaches have 
been developed to identify DNA methylation in human cancers, 
including MEDIP, MIRA/MBD, methylation arrays, next gen-
eration sequencing, and functional epigenomics. In the current 

Figure 1. Expression and methylation analysis in Es cell lines. (A) Expression results for 4 selected genes in Es cell lines and hBMsc (CTHRC1, RARRES2, 
TSGA14, DNAJA4, and GaPDh as control). Three Es cell lines are shown for each gene with (+) indicating the samples after 5-azaDc treatment and (-) 
indicating the samples without 5-azaDc treatment. (B) cOBRa results for the selected genes. Undigested (U) samples were loaded next to the BstU1 
digested samples (D). Three Es cell lines are shown for each gene with (*) indicating that the cell line is methylated and the positive control (c) is in vitro 
methylated DNa.
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study, we used pharmacological inhibition of DNA methylation 
(functional epigenomics) combined with gene expression micro-
arrays to identify genome-wide functional methylation changes 
in Ewing sarcoma. We have previously utilized this approach 
to successfully identify novel hypermethylated tumor suppressor 
genes in clear cell renal cell carcinoma.9,10

We identified 8 genes (CTHRC1, DNAJA4, ECHDC2, NEFH, 
NPTX2, PHF11, RARRES2, TSGA14) that were hypermethyl-
ated in >20% of primary ES tumors, for which gene expression 
was reactivated or upregulated in methylated ES cell lines after 
treatment with a demethylating agent. Six of the above genes 

(CTHRC1, DNAJA4, ECHDC2, NEFH, NPTX2, RARRES2) 
were also frequently methylated in osteosarcoma.

Collagen Triple Helix Repeat Containing 1 (CTHRC1) is 
a soluble protein involved in bone formation, morphogenesis, 
and vascular remodeling. CTHRC1 gene has been reported to 
be linked with different types of solid cancers and associated 
with metastasis and cancer invasion.11 Wang et al., reported that 
CTHRC1 was re-expressed after treating gastric cancer cell lines 
with 5-azaDC.11

DnaJ (Hsp40) homolog (DNAJA4) is involved in oncogen-
esis, cell differentiation, and tissue development. Mahoney et al.  

Figure 2. cOBRa analysis for selected gene in primary Es samples. Results of cOBRa analysis for 5 genes (CTHRC1, DNAJA4, ECHDC2, NPTX2, and RARRES2) 
with methylation frequency of >20% in Es samples. cOBRa results are shown for primary Es samples with in vitro methylated DNa as positive control (c). 
The Undigested (U) samples are loaded next to the BstU1 digested samples (D). (*) indicates methylated samples.

Figure 3. Frequently methylated genes in Es. Graph showing methylation frequency for each gene in primary Es tumors. ©
20
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reported promoter hypermethylation in both rhabdomyosar-
coma cell lines and primary patient samples. Moreover, they also 
used RT-qPCR to confirm the upregulation of gene expression 
after treating cell line with 5-azaDC.12 In a genome-wide screen, 
Dnaja4 was recently identified as a target of c-Myc mediated 
DNA methylation dependent transcriptional silencing.13

ECHDC2, located at 1p32.3, showed the highest methylation 
frequency in ES samples (71%); ECHDC2 was expressed and 
unmethylated in hBMSC. Interestingly, microsatellite insta-
bility and allelic loss at 1p was demonstrated in 35% of Ewing 
sarcomas.14

Neurofilament heavy polypeptide (NEFH) was previously 
shown to regulate Akt-β-catenin pathway and was frequently 
methylated in esophageal cancer.15 Hence, cancer cells with 
methylated NEFH could be targeted with specific inhibitors of 
the deregulated pathways.

The association between neuronal pentraxin II (NPTX2) 
gene methylation and pancreatic cancer was reported in many 
different studies.16,17 NPTX2 is known to inhibit proliferation 
and invasion of pancreatic cancer cells.18 In our present study, 
NPTX2 was frequently methylated in ES patient’s samples 
(27/44), with methylation frequency of 61%, and was unmeth-
ylated but expressed in control hBMSC. In addition, we found 

that NPTX2 methylation was linked to poor prognosis in ES 
patients.

PHF finger protein 11 (PHF11) is one of the PHD (plant 
homeodomain)-containing transcription factors located at chro-
mosome 13q14.2. These transcription factors are expressed in 
the nucleus and play important roles in cell proliferation and 
differentiation in human disease. In a functional screen using 
monochromosome transfer followed by gene expression microar-
ray analysis, a critical tumor-suppressive region was mapped to 
13q14 in esophageal carcinoma containing 9 candidate tumor 
suppressor genes, including PHF11. PHF11 expression was 
downregulated or absent in 100% of Esophageal Carcinoma cell 
lines, confirmed by RT-PCR.19 This gene was frequently methyl-
ated in primary ES patient samples (24%) and methylation was 
associated with poorer prognosis. PHF11 had not been reported 
previously to be methylated in any human cancer.

Retinoic Acid Receptor Responder 2 (RARRES2) encodes 
for a recently identified secreted chemotactic protein (Chemerin) 
that initiates chemotaxis via the G protein-coupled receptor 
CMKLR1 and plays a role in adaptive and innate immunity. 
RARRES2 was reported to be downregulated and frequently 
hypermethylated in primary adrenocortical tumors.20 In a 
genome-wide gene expression screen, RARRES2 was differentially 

Figure 4. Bisulfite sequencing analysis in primary Es samples and schematics representing sequenced region for three genes (NPTX2, ECHDC2, and 
RARRES2). (A) single clone bisulfite sequencing analysis of NPTX2 promoter region cpG island shows methylation index of 33.6% in Es sample 46 and 
32.1% in Es sample 38. (B) single clone and bisulfite sequencing analysis of ECHDC2 cpG island region shows methylation index of 82.9% and 51.8% in 
Es samples 8 and 4 respectively. (C) sequencing analysis of RARRES2 cpG island region shows methylation index of 63% and 64.4% in Es samples 15 and 
24 respectively. Individual alleles are represented by a horizontal line, black and white circles indicate methylated and unmethylated cpG dinucleotides 
respectively. The percentage of methylation indexes were calculated as follows: (number of methylated cpG dinucleotide/number of cpG dinucleotide 
sequenced) x 100.
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expressed between malignant and benign adrenocortical carcino-
mas and could accurately distinguish between the two entities.21 
In the present study, RARRES2 showed cancer specific frequent 
hypermethylation in ES.

TSGA14 (CEP41) encodes a centrosomal and microtubule-
binding protein. The gene is located adjacent to the imprinted 
gene MEST on 7q32 but escapes genomic imprinting.22 This is 
the first report of DNA methylation of TSGA14 in human cancer.

In summary, we performed a genome-wide screen for func-
tional methylation changes in Ewing sarcoma and identified a 
number of novel genes with diverse functions that are hyper-
methylated in these tumors. The identification of these genes 
may provide a basis for developing biomarkers for diagnostic and 
prognostic purposes and for understanding pathways deregulated 
in this rare cancer sub-type.

Materials and Methods

Cell culture, 5-Aza-2′-deoxycytidine treatment, and micro-
array analysis

Ewing sarcoma cell lines were maintained in RPMI medium 
for MHHES-1 and 5838 and McCoy’s 5A medium for SKES-1 
(Sigma-Aldrich), supplemented with 15% FBS, glutamine and 
antibiotics, at 37 °C, 5% CO

2
.23 After a 24 h seeding period, cells 

were treated with 5 µM 5-aza-2′-deoxycitidine (5-azaDC) freshly 
prepared in sterile ddH

2
O, to achieve genome demethylation. 

Treatment was performed over 5 d with daily media changes 
and addition of fresh 5-azaDC. RNA was prepared as described 
in Gharanei et al.8 Total RNA from the three ES cell lines 
(before and after treatment) and RNA from hBMSC was sent 
to Cambridge Genomic Services (http://www.cgs.path.cam.
ac.uk/). Briefly, the total RNA was amplified and converted to 
cDNA before hybridization to the HumanHT-12 v4 BeadChips 
(Illumina) and data production according to the manufacturer 
protocols.

Patient samples
Clinical information for the ES patient samples and isolation 

of hBMSC samples has been described previously (n = 46).8 The 
study was approved by the relevant institutional review board 
and was conducted according to the principles outlined in the 
Declaration of Helsinki.

RT-PCR, bisulfite modification and promoter methylation 
analysis

RT-PCR was performed as described previously,24 with anneal-
ing temperatures ranging from 56–60 °C. Bisulfite modifica-
tion, COBRA analysis, cloning, and bisulfite DNA sequencing 
was performed as described previously24 (methylation and expres-
sion primers are provided in Tables S3 and S4). CpG islands in 
the putative promoter regions were identified using the human 
genome browser. PCR primers (semi-nested or fully-nested) for 
methylation analysis were designed within the appropriate CpG 
island close to the transcription start site.

Figure 5. Expression and methylation analysis for NPTX2 and RARRES2 in osteosarcoma cell lines and primary tumors. (A) NPTX2 (B) RARRES2 expres-
sion and methylation (cOBRa) results in osteosarcoma cell line and tumors. (C) Frequently methylated genes in osteosarcoma with the methylation 
frequency for each gene. -, gene expression before 5-azaDc treatment; +, gene expression after 5-azaDc; U, undigested samples; D, BstU1 digested 
samples; *, methylated samples; cL, positive control.
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Figure 6. survival analysis. (A and B) Kaplan-Meier survival curves for NPTX2 methylation status and overall survival in Es sample cohort (M; methylated 
and U; unmethylated). (C and D) Kaplan-Meier survival curves for PHF11 methylation status and overall survival in the Es sample cohort (M, methylated; 
U, unmethylated). (A and C) all ages; (B and D) patients 18 y or below.
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