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Abstract
Proton beam therapy has been gaining popularity in the management of a wide spectrum of
cancers. However, little is known about the effect of proton beams on epigenetic alterations. In
this study, the effects of proton beams on DNA methylation were evaluated in the breast cell lines
MCF-10A and MCF-7. Pyrosequencing analysis of the long interspersed element 1 (LINE1) gene
indicated that a few specific CpG sites were induced to be hypermethylated by proton beam
treatment from 64.5 to 76.5% and from 57.7 to 60.0% (p < 0.05) in MCF-10A and MCF-7, respectively. Genome-wide methylation analysis identified “Developmental Disorder, Hereditary
Disorder, Metabolic Disease” as the top network in the MCF-7 cell line. The proliferation rate
significantly decreased in proton beam-treated cells, as judged by colony formation and cell proliferation assay. Upon treatment with the proton beam, expression of selected genes (MDH2,
STYXL1, CPE, FAM91A1, and GPR37) was significantly changed in accordance with the changes of
methylation level. Taken together, the findings demonstrate that proton beam-induced physiological changes of cancer cells via methylation modification assists in establishing the epigenetic
basis of proton beam therapy for cancer.
Key words: Alu; breast cancer; epigenetics; LINE1; methylation; proton beam

Introduction
Proton beam radiation has been established as a
highly effective modality for the local control of tumor
growth [1]. The mass properties of proton particles
and their unique physical characteristics allow proton
therapy to spare normal tissues distal to the tumor
target from incidental irradiation in various tumors
[2]. For example, proton radiation doses reduced the
risk of prostate cancer recurrence and the rate of metastasis [3, 4]. In another clinical study, proton beam
radiation therapy used to deliver partial breast irradiation in 100 subjects produced an overall survival of
95% in a 60-month follow-up [5]. In addition, proton
beam therapy has obtained successful outcomes for
other cancers including lung [6], liver [7], and esophageal forms [8].

At the in vitro cell level, proton beam radiation
has been used either to confirm the actual in vivo biological effects or to monitor physiological changes.
Cancer stem cells from paclitaxel-resistant lung cancer
cell lines showed significantly lower cell viability and
invasiveness, as well as more apoptosis, by the application of protons [9]. The oncogenic properties of
HT1080 human fibrosarcoma cells were decreased by
proton irradiation in a dose-dependent manner in
terms of cell migration and invasion [2]. Experimental
studies to elucidate the molecular mechanisms underlying the cellular activity changes by proton beam
are relatively sparse [10, 11]. For example, vimentin, a
marker of epithelial to mesenchymal transition and
the metastatic properties of melanoma, was substanhttp://www.jcancer.org
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tially decreased in proton beam-irradiated melanoma
cells [12].
CpG methylation is an epigenetic phenomenon
that can regulate gene activity by altering the methylation level [13, 14]. Many tumor suppressors and
oncogenes have been shown to undergo hyper- or
hypo-methylation during tumor development in variable cancer types [15, 16]. Various radiation beams,
such as X-rays and γ-rays, are presently being applied
in medical treatments. They are known to have effects
on inducing methylation status changes of cancer-related genes. [17, 18]. Despite the wealth of experimental evidence related with gene expression and
cellular activity [8, 19], little study has been performed to investigate the effect of proton beams on
epigenetic changes in terms of DNA methylation, a
main event contributing to tumorigenesis.
In this study, global methylation changes were
monitored in a pair of normal and cancer cell lines of
mammary gland, MCF-10A and MCF-7, respectively,
following proton beam treatment. Also, Ingenuity
pathway analysis (IPA) was performed with the
genes, showing CpG methylation levels significantly
changed on a genome-wide methylation array. In addition, cellular activity changes of the cancer cells,
including cell proliferation and colony formation capacity, were assessed upon proton beam treatment.
To the extent of our knowledge, this is the first study
to examine the effects of proton beams on the genome-wide methylation level of cancer cells.

Materials and methods
Cell culture and proton beam treatment
A normal breast cell line, MCF-10A, and two
breast cancer cell lines, MCF-7 and MDA-MB-231,
were acquired from the American Type Culture Collection (ATCC, Manassas, VA). The culture medium
of the cells was as described previously [20]. The cells
were grown to 80% confluence in 25 cm2 culture flasks
and then treated by proton beam at 45 MeV and 8 Gy
using a proton accelerator installed in the Korea Multi-Purpose Accelerator Complex (KOMAC, Gyeongju,
Korea). The cells were harvested for further analysis
24 h after proton beam treatment.

Genome-wide methylation analysis
Chromosomal DNA from cells grown in 25 cm2
culture flasks was isolated using a ZR-Duet
DNA/RNA MiniPrep (Zymo Research, Irvine, CA)
with a final elution in 40 μl of distilled water. A
quantity of 50 ng of chromosomal DNA was treated
with bisulfite and applied to the Infinium HumanMethylation450 Beadchip to monitor genome-wide methylation (> 485,000 CpG sites) (Illumina, San Diego, CA). The methylation level was
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presented as a methylation index (β) as described
previously [21]. Briefly, β values ranging from 0 (no
methylation) to 1 (100% methylation) were calculated;
the higher the value, the greater the level of methylation in proton beam-treated samples relative to
non-treated cells. The results of the array have been
deposited on the Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo/) and are accessible with the accession number GSE70024.

Pyrosequencing
One microgram of genomic DNA from proton
beam-treated and non-treated cell samples was sodium bisulfite-converted using an EZ DNA methylation kit (Zymo Research). Then, the methylation level
of LINE1 and Alu was determined through pyrosequencing by PyroMark ID (Qiagen, Valencia, CA)
as explained previously [22]. To verify efficiency of
bisulfite DNA conversion, non-CpG cytosines were
adopted as internal controls. The methylation level
was denoted by methylated cytosines over total cytosines as percentage. Pyrosequencing was performed
on five cultured cell samples independently treated
by proton beam, and a minimum of two assays per
sample were performed.

Cell proliferation and colony formation assay
Cell proliferation was evaluated using a cell
counter kit-8 (CCK-8, Dojindo, Japan) according to the
manufacturer’s instructions. Briefly, 2 × 103 cells were
plated into a 96-well flat-bottomed plate with 100 μl
media. Following proton beam treatment, cells were
incubated for 24, 48, 96, and 120 h. After adding 10 μl
of CCK-8 solution to each well of the plate, the absorbance at 450 nm was measured using a microplate
reader. In colony formation assay, a 60 mm cell culture dish was used with 3 ml medium and 200 cells
per dish. Two weeks after proton beam treatment,
cells were fixed with a mixture of acetic acid/methanol (1:7), and then stained with crystal violet
(1%).

Pathway analysis
The functional categorization and canonical
pathway for the gene pool obtained from the CpGs
affected by proton beam treatment were constructed
with the IPA software tool. Obtaining p-values for
individual networks was achieved by Fisher’s exact
test considering the hypergeometric distribution, as
described previously [20]. The functional network
that demonstrated the highest confidence was appointed as the top network.

Quantitative reverse transcription-polymerase
chain reaction (qRT-PCR)
cDNA was synthesized from 2 μg of total RNA
http://www.jcancer.org
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using a ReverTra Ace qPCR RT Master Mix (Toyobo,
Japan) according to the instructions of the manufacturer. qRT-PCR analysis was carried out for quantifying the expression level of selected genes. Reactions
were performed in triplicate at a minimum for each
sample with a Kapa SYBR qPCR Kit (Kapa Biosystems, Woburn, MA) with primers complementary to
specific genes (Supplementary Table S1) on an ABI
7300 instrument (Applied Biosystems). GAPDH was
used to normalize RNA quantity, and 2-ΔCt method
was applied for the gene expression quantification
process.

Data mining and statistical analysis
The gene expression-based outcome for breast
cancer online (GOBO) tool (http://co.bmc.lu.se/
gobo) is designed for prognostic validation of genes in
a pooled breast cancer data set comprising 1,881 cases
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from 11 public microarray data sets [23]. It was used
in the present study to validate the methylation and
expression analysis of CPE in breast cancer.
In the methylation array data, adjusted p-values
<0.05 were screened for further analysis. The filtered
genes were then characterized as differentially methylated when they showed a difference greater than
2-fold in methylation levels between proton
beam-treated and non-treated cells in order to curtail
false positive outcomes. The differences of mean level
of methylation for Alu and LINE1, and the expression
level between the proton beam-treated and
non-treated cells, were detected by Student’s t-test
using SPSS for Windows, version 17.0 (SPSS Inc.,
Chicago, IL). P-values < 0.05 were considered statistically significant.

Results
Proton beam treatment induces less global hypermethylation in MCF-7 cells than in
MCF-10A cells

Figure 1. Effect of proton beam treatment on global methylation level in the MCF-10A and MCF-7
cell lines. Four CpG sites on the LINE1 in MCF-10A and MCF-7 cell lines were analyzed for their methylation
level by pyrosequencing after treatment with a proton beam. (A) The sequence of the LINE1 gene adopted in this
study (GenBank accession no. X58075.1). The four analyzed CpG sites are indicated in red and numbered. (B)
The methylation level of the CpGs in the two cell lines are shown in bar graphs. Quintuplicated independent
samples were analyzed, and average numbers are provided with the associated standard errors. (C) Representative pyrosequencing diagrams for the proton beam-treated and untreated cells.

To examine whether the proton
beam exerts its effect on the cellular
activities of the cancer cell through
epigenetic changes, breast cancer cell
line MCF-7 was chosen and treated
with the proton beam alongside
normal breast cell line MCF-10A.
Two highly repetitive chromosome
elements, Alu and LINE1, were selected to determine the global methylation change induced by the proton beam treatment. The two elements exist on the chromosome with
a high abundance (LINE1, ~105 copcopies/genome;
Alu,
~106
ies/genome), and their hypomethylation has been frequently reported
in diverse tissues, leading to tumorigenesis [24, 25].
The pyrosequencing analysis
indicated that LINE1 was hypermethylated at all of the four CpG
sites examined. The range of increase was from 6.1 to 11.2% by
proton treatment in the MCF-10A
cell line (p < 0.05) (Figure 1). Meanwhile in the MCF-7 cancer cell line,
although the CpG sites underwent
hypermethylation, their altered level
was limited compared with the
MCF-10A, as the breadth of increase
only ranged from 2.0 to 2.5%. To
http://www.jcancer.org
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determine whether the resistance to methylation
change appears in cancer cells, another cancer cell
line, MDA-MB-231, was examined; the results showed
even less methylation changes than MCF-7 (Supplementary Figure S1). These results indicate that the
proton beam acts in a tumor-specific manner. In contrast to LINE1, Alu did not show any significant
methylation changes throughout the CpG sites in the
three cell types (Supplementary Figure S2).

Developmental disorder, hereditary disorder,
metabolic disease pathway is entailed in network of proton beam-induced methylation-altered genes
To evaluate the effect of proton beam treatment
on the epigenomic change of the MCF-7 cell, genome-wide methylation profiles were monitored
through microarray analysis. A set of 1,040 CpG sites
matching our criteria of methylation profiles (i.e.,
methylation level change equal to or higher than
2-fold after proton beam treatment) was selected for
further analysis. As shown in Figure 2, 826 and 214
CpGs were hyper- and hypo-methylated, respectively, in the proton beam-treated cells. The CpGs appeared throughout the chromosomes, with 770 being
found in the coding region, 572 in the promoter region, and 204 in the intergenic region.

The 572 CpGs at the promoter sites in the MCF-7
cell were submitted to the IPA software tool to examine the functional inter-relatedness. The results
indicated the “Developmental Disorder, Hereditary
Disorder, Metabolic Disease” pathway as the top
network and the “Inflammatory Disease, Skeletal and
Muscular Disorders, Cancer” pathway as the second
most prevalent network, suggesting their potential
roles in tumorigenesis (Figure 3 and Table 1). Of note,
a group of genes regulated by, or regulating, NF-κB
(complex) featured most prominently in the top network, although NF-κB itself did not undergo methylation change. Included in the group are CASP8AP2,
COMMD1, PRAS, FAF1, FAM46A, SLC37A4,
SLC2A12, and NKIRAS2; all were remarkably hypermethylated by the proton beam. Among those,
CASP8AP2 and PRAS are known to be upregulated in
human cancer [26, 27]. The transcripts displaying the
highest change of methylation level within this network were LRCH3 (hypermethylated, 3.5-fold increase) and GTF2B (hypomethylated, 2.7-fold decrease). LRCH3 is a member of the LRCH proteins
that are a family of cytoskeletal regulators; their relevance to cancer is yet to be determined [28]. GTF2B is
a ubiquitous transcription factor involved in the regulation of many cancer-related genes [29].

Table 1. Genes appearing at the top network in MCF-7 with differential methylation by proton beam.
Symbol
CASP8AP2
CBX5
CENPA
CEP97
COMMD1
ERMAP
FAF1
FAM46A
GMFB
GTF2B
GTF2H4
HIST1H2AD
HIST3H2A
HIST3H2BB
HMGCL
LRCH3
NKIRAS2
RDM1
RPS10-NUDT3
RRAS
RSU1
SLC2A12
SLC37A4
SUGT1
SUPT20H
TCEB3
UBE2B
YBX3
ZNF8
ZW10

Accession
NM_012115
NM_012117
NM_001809
NM_024548
NM_016144
NM_001017922
NM_007051
NM_017633
NM_004124
NM_001514
NM_001517
NM_021065
NM_033445
NM_175055
NM_000191
NM_032773
NM_001001349
NM_001163120
NM_001202470
NM_006270
NM_012425
NM_145176
NM_001164280
NM_006704
NM_001014286
NM_003198
NM_003337
NM_001145426
NM_021089
NM_004724

Description
CASP8-associated protein 2
Chromobox homolog 5 (HP1 alpha homolog, Drosophila)
Centromere protein A
Centrosomal protein 97kDa
Copper metabolism (Murr1) domain-containing 1
Erythroblast membrane-associated protein
Fas (TNFRSF6) associated factor 1
Family with sequence similarity 46, member A
Glia maturation factor, beta
General transcription factor IIB
General transcription factor IIH, polypeptide 4, 52kDa
Histone cluster 1, H2ad
Histone cluster 3, H2a
Histone cluster 3, H2bb
3-hydroxymethyl-3-methylglutaryl-Coenzyme A lyase
Leucine-rich repeats and calponin homology (CH) domain-containing 3
NFKB inhibitor interacting Ras-like 2
RAD52 motif 1
Ribosomal protein S10 and nucleoside diphosphate linked moiety X type motif 3
Related RAS viral (r-ras) oncogene homolog
Ras suppressor protein 1 (RSU1)
Solute carrier family 2 (facilitated glucose transporter), member 12
Solute carrier family 37 (glucose-6-phosphate transporter), member 4
SGT1, suppressor of G2 allele of SKP1 (S. cerevisiae)
Family with sequence similarity 48, member A
Transcription elongation factor B (SIII), polypeptide 3 (110kDa, elongin A)
Ubiquitin-conjugating enzyme E2B (RAD6 homolog)
Cold shock domain protein A
Zinc finger protein 8
ZW10, kinetochore associated, homolog (Drosophila)

Fold change
2.1
-2.2
2.3
-2.8
2.3
2.7
2.4
3.0
2.2
-2.7
2.1
2.1
-2.1
-2.1
-2.3
3.5
2.0
-2.2
3.1
2.7
2.2
2.2
2.0
2.3
2.1
2.1
2.7
2.2
2.5
2.0
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Figure 2. Chromosomal distribution of the CpGs in which methylation level was significantly changed by proton beam treatment. Genome-wide methylation
analysis of CpGs in the MCF-7 cell line was carried out on a 450K microarray, and CpGs showing significant changes by proton beam treatment compared with untreated cells
were adopted for the analysis. Venn diagrams show the allocation of the CpGs on chromosome, which were hypermethylated (A) and hypomethylated (B). The values in
parentheses indicate the number of CpGs in each category. TSS, transcription start site; UTR, untranslated region.

Figure 3. The highest confidence network constructed with differentially methylated genes by proton beam treatment on the MCF-7 cell. The CpGs in
which methylation level was significantly changed by proton beam treatment were analyzed through the Ingenuity pathway analysis software tool. The analysis indicated “Developmental Disorder, Hereditary Disorder, Metabolic Disease” as the network of highest confidence. Red-colored genes are hypermethylated in the proton beam treated cells,
and green-colored genes indicate hypomethylation, with intensity signifying the magnitude of methylation change. Solid and dashed lines represent direct and indirect interactions,
respectively, with each interaction supported by at least one literature reference.

http://www.jcancer.org
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Proton beam treatment inhibits proliferation
of breast cancer cells
Proton beam application altered the methylation
level of a collection of genes that were related to
“Developmental Disorder, Hereditary Disorder,
Metabolic Disease” or “Inflammatory Disease, Skeletal and Muscular Disorders, Cancer” pathways. This
observation prompted us to examine the effect of
proton beam treatment on cellular proliferation. To do
this, the proliferation of the MCF-10A, MCF-7, and
MDA-MB-231 cells were examined by CCK-8 cell
proliferation assay as well as colony formation assay,
after being treated or remaining untreated with proton beam. Findings indicated that proton beam
treatment retarded the proliferation in all three cell
types (Figure 4A). Of note, the anti-proliferation effect
of proton beam treatment appeared later in MCF-7
and MDA-MB-231 cancer cells than in the normal
MCF-10A cell line; a remarkable proliferation rate
difference was observed between the proton
beam-treated and non-treated samples. This difference appeared 3 days after proton beam treatment in
the cancer cells, while it appeared after 2 days in the
normal cell.
To confirm the anti-proliferation effect of proton
beams addressed by the proliferation assay, colony
formation assay was carried out with the MCF-7 cell
line. As shown in Figure 4B, colony sizes were remarkably smaller in the case of the proton

349
beam-treated cells.

Expression analysis of the differentially methylated genes
To check for the association between promoter
methylation and gene expression, genes that showed
hypermethylation or hypomethylation on the methylation array after proton beam treatment of the
MCF-7 cells were randomly selected. Expression levels then analyzed by real-time RT-PCR. Four hypomethylated genes (MDH2, STYXL1, CPE, and GPR37)
and two hypermethylated genes (FAM91A1 and
POU2AF1) were selected, in which CpG sites were
located at the promoter region. As shown in Figure 5,
all of the genes were up- or down-regulated in line
with the methylation profile, except for POU2AF1, for
which expression was not significantly changed,
while the CpGs were hypermethylated.
For one of the dysregulated genes, CPE, interrogating its expression using the GOBO database revealed that patients with higher expression were
more likely to have a higher rate of distant metastasis-free survival (DMSF) (p < 0.05) (Figure 6). Taken
together, the results indicate that proton
beam-induced expression change of cancer-related
genes via alteration of CpG methylation level in the
cultured cancer cells may support the merits of proton
beam treatment for cancer therapy with respect to
epigenetics.

Figure 4. Anti-proliferation effect of proton beam treatment on mammary gland cells. The indicated cells were treated with a proton beam at a strength of 8 Gy,
and their proliferation was monitored alongside the non-treated cells. (A) Cell proliferation assay using cell counting kit-8 was carried out for a normal cell line, MCF-10A, and
cancerous cell lines MCF-7 and MDA-MB-231. (B) Colony formation assay was carried out for the MCF-7 cell. The bar graph denotes the ratio of colonies shown by the colony
formation assay.

http://www.jcancer.org
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Figure 5. Expression quantification of methylation-altered genes by proton beam treatment through qRT-PCR in breast cancer cells. Real-time RT-PCR
analysis of six genes with altered methylation levels due to proton beam treatment in MCF-7 cell. All genes, excepting POU2AF1, showed expression changes in accordance with
the change of methylation. Triplicated samples were analyzed in each experiment, and the average of relative expression values are shown with standard errors.

Figure 6. Kaplan-Meier survival analysis of CPE expression in the breast cancer. Samples (n = 1,379) were stratified into tertiles based on CPE expression level. The
log-rank test was performed in all tumor samples, as well as in different tumor subtypes, using distant metastasis-free survival (DMFS) as the endpoint. High CPE expression is
significantly associated with higher DMFS over time among (A) all cases regardless of tumor ER- and LN-positivity (p = 3.94E-3), (B) cases with ER-positive tumors (p = 4.39E-2),
(C) cases with LN-negative tumors (p = 9.80E-4), and (D) cases with ER-positive and LN-negative tumors (p = 4.97E-3).

http://www.jcancer.org
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Discussion
Although radiation therapies have become popular in cancer treatment, their molecular mechanisms,
especially with respect to epigenetics yielding cellular
activity change, have been minimally elucidated.
Considering the fact that proton beams affect key
regulatory pathways, including apoptosis, cell proliferation, and cell signaling, and that epigenetic alterations are responsible for these phenomena, it is reasonable to consider the existence of an epigenetic
route while the proton beam acts on the cell. To examine the potential of proton beams to induce methylation changes in DNA, the global marker genes Alu
and LINE1, which are scattered on the chromosome in
high copies, were selected and monitored for methylation changes by the proton beam. Hypomethylation
of these markers has been implicated in various cancer types; this hypomethylation may cause genomic
instability, eventually leading cells to cancer [30, 31].
Therefore, the hypermethylation of LINE1 observed in
this study by proton beam treatment may imply that
the beam has an anti-tumorigenic effect on the cells. In
detail, the normal breast cell line MCF-10A showed
more hypermethylation than the cancerous cell line,
MCF-7, implying that the normal cell is more resistant
to the proton beam with respect to genomic instability. Furthermore, methylation change of LINE1 suggests its function as a molecular marker to assure
proper exposure of target cells to the proton beam. A
few molecular markers and cellular activities, such as
DNA strand break [32] and induction of apoptosis
[33], are currently proposed.
More CpGs were hypermethylated than those
hypomethylated by proton beam treatment (826 vs.
214), possibly suggesting that more genes are deactivated than are activated. Other forms of physical
radiation such as X-rays [34], γ-rays [18], and ion
beams [35] have also been shown to alter CpG methylation. Genome-wide screening is available for ionizing radiation. These data included 1,235 hypermethylated and 1,281 hypomethylated CpGs, and the
dysregulated pathway is different from that of the
proton beam, wherein the IL-10 signaling pathway
and acute phase signaling involved in immune signaling were significantly overpresented [36].
Many tumor suppressor genes, including ARF6
(2.6-fold increase), NF2 (2.2-fold increase), and
CDKN2C (2.7-fold increase), were hypermethylated
by the proton beam, suggesting potential
cell-proliferative activity of the proton beam through
suppressing expression of the tumor suppressors.
However, in practice, the proton beam-treated MCF-7
cells experienced growth retardation, implying an
alternative molecular mechanism for this phenome-
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non. One possible explanation for this is the high
score of decreased repair of DNA from the IPA analysis. In fact, genes involved in DNA repair such as
CDK2AP1, NFE2L1, and SMUG1 were hypermethylated. It is therefore speculated that dysregulated
genes responsible for DNA repair acted more effectively than genes responsible for tumorigenesis,
causing the cell to undergo less proliferation as a result of the proton beam. This explanation was supported by the colony forming assay as well as the cell
proliferation assay (Figure 4).
The methylation of CpGs on the promoter appears to be strongly associated with its gene expression, as judged by RT-PCR results. In particular, expression of CPE was increased with hypomethylation
by proton beam. The higher survival rate of breast
cancer patients with higher expression of the tumor
suppression gene may support the merits of proton
beam treatment for cancer therapy with respect to
epigenetics.
A limitation of this study is the absence of an
assessment of methylation levels with respect to varied strengths of the proton beam. Previous studies
indicate different responses of gene expression and
cellular activity subject to different strengths of physical radiation. For example, a study investigated the
radioactive response in AG01522 human fibroblasts
first exposed to 5 Gy and then followed by 2 Gy of
X-ray’s, in comparison to those cells that had only
received a single 2 Gy dose; a low-dose X-ray triggered cellular responses that defended against subsequent high dose-induced damages [37]. However,
information regarding the applied exposure conditions of proton beams is sparse, as this therapy is still
under development. In addition to the 8-Gy dose
adopted in this study, a wide range of proton beam
strengths need to be applied to the studied cells,
which will help to pinpoint the precise strength that
provokes a specific epigenetic change.
In summary, we have presented global, as well
as genome-wide, methylation change profiles of proton beam-treated breast cancer cells. These were
compiled using the most comprehensive methylation
measurement and analysis techniques available. Our
findings support the hypothesis that proton beam
treatment results in cellular activity change through a
mechanism of epigenetic alteration. Genes related to
cell-to-cell signaling or DNA repair are key among
those affected. Further investigation into the mechanisms leading to altered methylation, as well as the
association between methylation change and cell
death, could replenish our understanding of the epigenetic role of proton beam treatment, and thereby
contribute to treatment options for cancer that employ
this technology.
http://www.jcancer.org
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