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Accumulating evidence suggests that changes in methylation patterns may help mediate the sensitivity or
resistance of cancer cells to ionizing radiation. The present study provides evidence for the involvement of
radioresistance-induced DNA methylation changes in tumor radioresistance. We established radioresistant laryngeal
cancer cells via long-term fractionated irradiation, and examined differences in DNA methylation between control and
radioresistant laryngeal cancer cells. Interestingly, we found that the promoter-CpG islands of 5 previously identified
radioresistance-related genes (TOPO2A, PLXDC2, ETNK2, GFI1, and IL12B) were significantly altered in the radioresistant
laryngeal cancer cells. Furthermore, the demethylation of these gene promoters with a DNA methyltransferase inhibitor
(5-aza-2’-deoxycytidine) increased their transcription levels. Treatment with 5-aza-2’-deoxycytidine also sensitized the
radioresistant laryngeal cancer cells to irradiation, indicating that changes in DNA methylation contributed to their
radioresistance. Of the tested genes, the expression and activity levels of TOPO2A were tightly associated with the
radioresistant phenotype in our system, suggesting that the hypermethylation of TOPO2A might be involved in this
radioresistance. Collectively, our data suggest that radiation-induced epigenetic changes can modulate the
radioresistance of laryngeal cancer cells, and thus may prove useful as prognostic indicators for radiotherapy.

Introduction

Epigenetics is the study of heritable changes in gene expression
that take place without alterations in the DNA sequence.1 One of
the best-studied epigenetic phenomena is the methylation of
cytosine residues located within CpG dinucleotides.2-5 Three
DNA methyltransferases (DNMTs; DNMT1, DNMT3a and
DNMT3b) can add methyl groups to the 5’ cytosine of a CpG
dinucleotide,6 aberrant DNA methylation is found in 2 distinct
forms: hypermethylation and hypomethylation. Previous studies
have unequivocally demonstrated that DNA hypermethylation
typically occurs at CpG islands and many cytosine-guanine-rich
regions, and is associated with gene silencing. For example, genes
with high levels of methylcytosine in their promoter regions are
usually transcriptionally silent,7 and DNA hypermethylation of
CpG islands in the promoter and first exon is critical to the func-
tional suppression of genes associated with cancer develop-
ment.5,8-11 Conversely, aberrant promoter hypermethylation of
tumor-suppressor genes is a hallmark of cancer and is thought to
contribute to carcinogenesis.12,13

The existing data suggest that aberrant DNA methylation is
an attractive mechanism for the propagation of genomic instabil-
ity following ionizing radiation.14 For almost 100 years, radio-
therapy with ionizing radiation (either alone or in combination
with chemotherapy) has been widely used to treat cancer; how-
ever, the curative effect of clinical radiotherapy is limited by
injury to normal tissues and the radioresistance of some human
tumors.15,16 Multiple studies have identified aberrant DNA
methylation patterns following the exposure of plants, rodents,
and rodent or human cell lines to ionizing radiation. Further-
more, post-irradiation changes in DNA methylation have been
suggested to correlate with the initiation of radioresistance.1

Laryngeal cancer is generally treated by radiotherapy in con-
junction with surgery and/or chemotherapy,4 but tumor cells can
acquire radioresistance during clinical radiotherapy based on frac-
tionated radiation treatment.13,14 However, while we have a par-
tial understanding of the mechanisms underlying cellular
radioresistance, the molecular events and markers underlying the
acquired radioresistance of laryngeal cancer remain to be clari-
fied.17-20

*Correspondence to: Eun Ju Kim; Email: ejkim@kirams.re.kr
Submitted: 09/16/2014; Revised: 01/06/2015; Accepted: 02/04/2015
http://dx.doi.org/10.1080/15384047.2015.1017154

558 Volume 16 Issue 4Cancer Biology & Therapy

Cancer Biology & Therapy 16:4, 558--566; April 2015; © 2015 Taylor & Francis Group, LLC

RESEARCH PAPER



We previously used fractionated irradiation to establish radio-
resistant laryngeal cancer cells (RR-Hep-2 cells) as a model sys-
tem for studying the radioresistant phenotype. Using these
radioresistant cells, we systematically screened a laryngeal cancer

expressed sequence tag (EST) database to identify gene profiles
associated with tumor radioresistance,17,21-23 and then used an in
silico analysis to confirm several radioresistance-related genes.
Here, we used a high-throughput technique for methylation anal-
ysis (pyrosequencing)24 to further investigate the methylation sta-
tus of the promoter regions of these genes in control and RR-
Hep-2 cells. Our results revealed that RR-Hep-2 cells had higher
levels of CpG methylation in the promoters of the genes encod-
ing ethanolamine kinase 2 (ETNK2), growth factor independent
1 transcription repressor (GFI1), interleukin 12B (IL12B), plexin
domain containing 2 (PLXDC2), and topoisomerase II a
(TOPO2A). For TOPO2A, the average extent of methylation
was »5.9 times higher in RR-Hep-2 than control Hep-2 cells,
and methylation was positively associated with cellular radiore-
sistance. Moreover, treatment with the DNA methyltransferase
inhibitor, 5-aza-20-deoxycytidine (5-Aza), which triggered
demethylation of the 5 gene promoters in question, was associ-
ated with increased mRNA expression of the encoded genes, as
well as enhanced radiosensitivity among treated RR-Hep-2 cells.
Together, these findings strongly suggest that radiation-induced
DNA promoter hypermethylation can play a role in the radiore-
sistance of laryngeal cancer cells, and thus may be useful as a
prognostic and/or therapeutic indicator for radiotherapy in this
and other cancers.

Results

Radioresistant laryngeal cancer cells show altered expression
of DNA methyltransferases

We used long-term fractionated irradiation to establish
radioresistant laryngeal cancer Hep-2 cells (RR-Hep-2 cells;
for details, see the Materials and Methods section). We
observed increased survival (Fig. 1A) and decreased radiation-
induced cell death (Fig. 1B and C) among RR-Hep-2 cells
compared with parental Hep-2 cells, confirming the

Figure 1. Analysis of survival and DNMT expression in our radioresistant
Hep-2 human laryngeal cancer cell line (RR-Hep-2). (A) Clonogenic sur-
vival fractions of parental Hep-2 and RR-Hep-2 cells were determined fol-
lowing exposure to the indicated doses of radiation. Parental Hep-2 and
RR-Hep-2 cells were treated with or without 10 Gy radiation and then
cultured for 24 h. (B) Cell viability was determined with the FACScan
flow cytometer and data are presented as the percentage of PtdIns-posi-
tive cells. (C) The protein levels of cleaved PARP and cleaved caspase-3
were determined by Western blotting; b-actin was employed as the
loading control. (D) The transcript levels of DNMT1, DNMT3a and
DNMT3b were determined by conventional RT-PCR and (E) quantified by
real time PCR. GAPDH was used as the loading or internal control. (F)
The protein levels of DNMT1, DNMT3a and DNMT3b were determined
by Western blotting; U1 70S was employed as the loading control. (G-I)
The localizations of (G) DNMT1, (H) DNMT3a and (I) DNMT3b were exam-
ined by immunofluorescence staining using an FITC-conjugated second-
ary antibody and propidium iodide staining (PI, for nuclei) followed by
confocal microscopy. Panels: (a and d) PtdIns (red) staining; (b and e)
localization of DNMTs (green); and (c and f) merged images of DNMTs
and PI. Data are presented as results of a typical experiment from 4 inde-
pendent experiments. The error bars represent standard deviations.
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radioresistant phenotype. To analyze whether this acquired
radioresistance was associated with epigenetic alterations, we
examined the expression levels of the cellular maintenance
(DNMT1) and de novo (DNMT3a and DNMT3b) DNA
methyltransferases. These enzymes are responsible for main-
taining DNA methylation patterns in the mammalian
genome, and dysregulation of their expression and/or activity
has been associated with altered DNA methylation.25,26 As
shown in Figure 1D, RT-PCR analysis showed that the
DNMT3a and DNMT3b mRNA were more highly expressed
in RR-Hep-2 cells than in Hep-2 cells. In addition, western
blot (Fig. 1F) and immunofluorescence analyses indicated
that DNMT3a (Fig. 1H) and DNMT3b (Fig. 1I) were
increased in RR-Hep-2 cells compared to Hep-2 cells. Taken
together, our data suggest that DNA methylation may be
altered in our radioresistant laryngeal cancer cell model.

Methylation patterns at the promoter-region CpG islands
of radioresistance-related genes in Hep-2 and RR-Hep-2 cells

We previously screened a laryngeal cancer EST database to
identify gene profiles associated with tumor radioresistance.17

Here, we used bisulfate pyrosequencing to analyze the methyla-
tion patterns at the promoter regions of 5 of the identified radio-
resistance-related genes. The PCR primers amplified fragments
containing 3»6 CpG sites in each target promoter. Bisulfite-
modified gDNA was prepared, PCR amplification was per-
formed, and the methylation percentage at each primer was cal-
culated by averaging the degree of methylation at the CpG sites
formulated during pyrosequencing. As shown in Figure 2, higher
methylation was detected at all tested CpG sites for RR-Hep-2
cells compared to Hep-2 cells. Next, we used RT-PCR to exam-
ine the expression levels of the target genes in Hep-2 and RR-
Hep-2 cells. As shown in Figure 3, TOPO2A, PLXDC2,
ETNK2, GFI1, and IL12B were highly expressed in Hep-2 cells,
but not in RR-Hep-2 cells. Taken together, our results indicate
that the 5 tested radioresistance-related genes showed promoter
hypermethylation and decreased mRNA expression in our radio-
resistant laryngeal cancer cells.

Demethylation of Hep-2 and RR-Hep-2 cells increases
transcription of the target radioresistance-related genes

Since the downregulation of TOPO2A, PLXDC2, ETNK2,
GFI1, and IL12B mRNA levels in RR-Hep-2 cells appears to
be related to altered promoter methylation Hep-2 and RR-Hep-
2 cells were treated with 5 mM of 5-Aza (a DNA methyltrans-
ferase inhibitor) for 72 h. Bisulfate pyrosequencing showed that
the methylation levels of all examined CpG sites were decreased
in inhibitor-treated RR-Hep-2 and Hep-2 cells (Fig. 4). Inter-
estingly, TOPO2A showed particularly significantly decreases in
the methylation percentages following inhibitor treatment, from
36% to 18% in Hep-2 cells and from 65% to 16% in RR-
Hep-2 cells (Fig. 4A). Furthermore, RT-PCR analysis revealed
that the mRNA expression levels of TOPO2A, ETNK2, GFI1,
and IL12B were upregulated following 5-Aza treatment.
PLXDC2 does not follow the same trend as the other 4: Its
gene expression is not affected by 5-Aza treatment (Fig. 5).

Figure 2. Pyrosequencing of promoter CpG islands in the promoters of 5
radioresistance-related genes in Hep-2 and RR-Hep-2 cells. The fractions of
methylated CpG positions were compared between cell lines for (A) TOPO2A,
(B) PLXDC2, (C) ETNK2, (D) GFI1 and (E) IL12B. The bars on the far right repre-
sent themeans of all themethylatedpositions examinedherein. The data pre-
sented represent a typical result or average values with standard deviations
from 3 independent experiments.
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Collectively, our data suggest that 5-Aza treatment of Hep-2
and RR-Hep-2 cells led to demethylation of thetarget-gene pro-
moters, increasing the transcription of the target radioresistance-
related genes.

Five-Aza treatment increases the expression and activity
of TOPO2A and radiosensitizes the radioresistant laryngeal
cancer cells

TOPO2A, which is a nuclear enzyme that regulates many cel-
lular processes, including replication, transcription and sister
chromatid decatenation, has been proposed to confer at least
some of the inter-individual variation in chromatid radiosensitiv-
ity.27 To examine the cellular effects of 5-Aza (5 mM)-induced
TOPO2A expression in Hep-2 and RR-Hep-2 cells, we con-
ducted clonogenic survival assays. Our results revealed that 5-Aza
treatment significantly reduced the survival of Hep-2 and RR-
Hep2 cells exposed to various doses of radiation (Fig. 6A), com-
pared with their non-irradiated counterparts. Furthermore, the
colony formation in response to 4-Gy irradiation was dramati-
cally lower in 5-Aza-treated RR-Hep-2 cells compared to
untreated controls (Fig. 6B). These results indicate that DNA
methylation may modulate radiosensitivity in these laryngeal
cancer cells.

To further examine the association between TOPO2A expres-
sion and increased resistance to irradiation, we next treated
parental Hep-2 and RR-Hep-2 cells with 5-Aza for 72, and then
used Western blotting and immunofluorescence to assess
TOPO2A protein levels. Our results revealed that TOPO2A pro-
tein levels were generally lower in RR-Hep-2 cells than in

parental Hep-2 cells (Fig. 6C, top
panel, lane 2; and Fig. 6E, panel h),
and that these levels increased in both
cell lines following 5-Aza treatment
(Fig. 6C, top panel, lane 4; and
Fig. 6E, panel k). We also assessed the
decatenation activity of TOPO2A in
these cells, which was assessed in nuclear
extracts following ATP-independent
relaxation of supercoiled DNA. The
enzyme activity of TOPO2A increased
following 5-Aza treatment of Hep-2
and RR-Hep-2 cells compared to
untreated controls from 1 to 1.2, and
from 0.6 to 0.8, respectively (Fig. 6D,
top), and showed the formation of deca-
tenated kDNA (Fig. 6D, bottom).
Taken together, these data suggest that
changes in DNA methylation can mod-
ulate the radiosensitivity of laryngeal
cancer cells via alterations in TOPO2A
expression and activity.

Discussion

Exposure to ionizing radiation may
lead to epigenetic effects, and radiation-induced DNA methyla-
tion changes may be critical to some aspects of radioresistance in
cancer. The precise underlying pathways and mechanisms, how-
ever, remain enigmatic. Here, we analyzed DNA methylation at
certain target genes in radioresistant laryngeal cancer cells, and
examined the possible association between radiation-induced
DNA methylation changes and tumor radioresistance. We report
that radiation-induced DNA methylation changes in the pro-
moters of 5 previously identified radioresistance-related genes
(including TOPO2A) are associated with the radioresistance of
laryngeal cancer cells.

Most of the existing research in the field of cancer epigenetics
has focused on the promoter hypermethylation of tumor suppres-
sor genes in radiosensitive and radioresistant cancer cell
lines.26,28-30 Variations in DNA methylation patterns have been
observed between cell lines differing in gene status,31 but no pre-
vious study has examined the DNA methylation patterns of
Hep-2 and RR-Hep-2 cells. Here, we used pyrosequencing (a
sensitive real-time sequencing-by-synthesis technique) to assess
changes in the regional genomic methylation patterns of these
cells, and discovered differences in the DNA methylation levels
between Hep-2 and RR-Hep-2 cells.

The DNA methylation of CpG dinucleotides is believed to be
carried out by methyltransferase.31 Consistent with this, we
observed significant DNA hypermethylation in RR-Hep-2 cells
(Fig. 2), and significant increases in the expression levels of the
de novo (DNMT3a and 3b) DNA methyltransferases (Fig. 1H
and I). We speculate that this might account for the observed
increases in the methylation levels at the promoters of 5 tested

Figure 3. The mRNA expression levels of the 5 target radioresistance-related genes in Hep-2 and RR-
Hep-2 cells. (A) RT-PCR analysis of the TOPO2A, PLXDC2, ETNK2, GFI1 and IL12B genes in Hep-2 and
RR-Hep-2 cells. (B) The mRNA levels of TOPO2A, PLXDC2, ETNK2, GFI1, and IL12B were measured by
quantitative real-time PCR.
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target genes and the corresponding decreases in their mRNA
expression levels in RR-Hep-2 cells (Fig. 3). Furthermore, the
application of a demethylating agent was found to rescue the
expression levels of these target genes in our system. Quantitative
analyses using pyrosequencing and RT-PCR identified correla-
tions between decreased promoter demethylation and increased
mRNA levels for all 5 target genes.

Among the studied genes, the methylation percentage of
TOPO2A significantly decreased (from 65% to 16%) in RR-
Hep-2 cells treated with 5-Aza (Fig. 4A). DNA topoisomerases,
such as TOPO2A, play essential roles in RNA transcription and
DNA replication by relieving DNA torsional tension (via swivel-
ing) and resolving intertwined DNA molecules (via unknotting

Figure 4. The methylation levels of the 5 target gene promoters follow-
ing 5-Aza treatment of Hep-2 and RR-Hep-2 cells. Cells were treated with
or without 5-Aza (5 mM) for 72 h, and the fractions of methylated CpG
sites were compared for (A) TOPO2A, (B) PLXDC2, (C) ETNK2, (D) GFI1
and (E) IL12B. The bars on the far right indicate the means of all methyl-
ated positions. The data presented represent a typical result or average
values with standard deviations from 3 independent experiments.

Figure 5. The mRNA expression levels of the 5 radioresistance-related
genes in Hep-2 and RR-Hep-2 cells were positively associated with 5-Aza
treatment. Hep-2 and RR-Hep-2 cells were treated with or without 5-Aza
(5 mM) for 72 h, and (A) RT-PCR analysis was used to assess the mRNA
expression levels of TOPO2A, PLXDC2, ETNK2, GFI1, and IL12B. (B) The
mRNA levels of TOPO2A, PLXDC2, ETNK2, GFI1, and IL12B were measured
by quantitative real-time PCR.
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and decatenation).32-35 A previous study showed that TOPO2A
contributes to forming chromatid breaks in radiation-exposed
cells.27 Here, we report that TOPO2A protein levels were
increased by 5-Aza treatment of RR-Hep-2 cells (Fig. 6C and
E), and that the promoter demethylation of TOPO2A was
closely mirrored by an increase of its decatenation activity in
Hep-2 and RR-Hep-2 cells (Fig. 6D). This indicates that the

demethylation-agent-induced reactivation of TOPO2A expres-
sion in resistant tumor cells could potentially facilitate radiother-
apy in certain tumor types (i.e., those in which TOPO2A
expression has been lost).

The DNA methylation profiles of certain genetic loci have
been found to be good biomarkers for cancer radioresistance,
offering a number of advantages over other biomarkers. For
example: DNA is much more stable than RNA and can survive
routine processing for histopathology; DNA methylation changes
have been observed very early during cancer development;24

methylation always occurs in the same DNA location and is
therefore easier to detect than a gene mutation;36 changes in
DNA methylation patterns can be correlated with RNA expres-
sion levels;24,37 and since methylation appears to be a general
process affecting the whole genome, it is only necessary to analyze
a small number of CpG islands to get a sense of a cell’s methyla-
tion status.36 Our present results show that methylation is an
important molecular mechanism in RR-Hep-2 cells, and thus
could prove useful as a prognostic and/or diagnostic marker.

In conclusion, we herein report new evidence supporting the
involvement of DNA methylation changes in tumor radioresist-
ance, and show that this involves the promoter-methylation-
mediated inactivation of TOPO2A in our system. Additional
studies are needed to further examine the involvement of DNA
methylation and other epigenetic mechanisms in radiation-
induced DNA hypermethylation and cancer radioresistance.
Such epigenetic changes could be exploited to improve the effi-
cacy of radiotherapy and/or as a novel approach for early diagno-
sis, prognosis and risk assessment. Notably, the high frequency of
methylation in RR-Hep-2 cells suggests that this tumor could be
a good target for the development of novel demethylation-based
therapies.

Materials and Methods

Cell culture and the radioresistant Hep-2 cell line
Human laryngeal squamous cell carcinoma (Hep-2) cells were

purchased from the American Type Culture Collection

Figure 6. The 5-Aza-mediated induction of TOPO2A reduces the survival
of Hep-2 and RR-Hep-2 cells and increases TOPO2A activity. (A) Hep-2
and RR-Hep-2 cells were treated with or without 5-Aza (5 mM), and clo-
nogenic survival fractions were determined following exposure to the
indicated doses of radiation. (B) RR-Hep-2 cells were treated with 5-Aza
(5 mM) and then further treated with or without 4-Gy irradiation. Colony
formation was visualized by trypan blue staining. (C) The protein levels
of TOPO2A were determined by Western blotting; b-actin was employed
as the loading control. (D) TOPO2A decatenation activity was measured
in nuclear extracts from Hep-2 and RR-Hep-2 cells treated with or with-
out 5 mM of 5-Aza for 72 h. (E) Hep-2 and RR-Hep-2 cells were treated
with or without 5-Aza (5 mM) for 72 h and fixed with 4% (v/v) parafor-
maldehyde. Cells were stained for TOPO2A using an FITC-conjugated
secondary antibody, and propidium iodide (PtdIns) was used to visualize
nuclei. Panels: (a, d, g, and j) PI (red) staining; (b, e, h, and k) localization
of TOPO2A (green); and (c, f, i and l) merged images of TOPO2A and
PtdIns. The data presented represent a typical result or average values
with standard deviations from 3 independent experiments. *P < 0.05.
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(Manassas, VA, USA) and grown in DMEM (Gibco-BRL, Rock-
ville, MD, USA) supplemented with 10% FBS. Radioresistant
Hep-2 (RR-Hep-2) cells were established as previously
described.17 All cells were cultured in a humidified incubator at
37�C and 5% CO2. Cells were irradiated using a 137Cs-ray
source (Atomic Energy of Canada, Mississauga, Canada) at a
dose rate of 3.81 Gy/min.

Clonogenic assay
After irradiation, cell survival was determined by a clonogenic

assay, as previously described.17 Briefly, cells were treated with a
single dose of radiation ranging from 0 to 6 Gy. Immediately fol-
lowing irradiation, cells were trypsinized, diluted, and seeded to
triplicate 60-mm tissue culture dishes at various cell densities
(200 cells for control, 400 cells for 2 Gy, 1500 cells for 4 Gy,
and 3000 cells for 6 Gy). After 10–14 d, the colonies were fixed
with methanol and stained with trypan blue solution. Colonies
containing > 50 cells were counted as survivors using a colony
counter (Imaging Products, Chantilly, VA, USA).

Cell death analysis
Cells were seeded at a density of 2 £ 105 cells per 60-mm

dish, treated with 10 Gy of radiation and then cultured under
the indicated experimental conditions. Apoptotic cell death was
determined by protein gel blot analysis of cleaved poly ADP-
ribose polymerase (PARP) and Cleaved caspase-3 (Santa Cruz
Biotechnology). To quantify cell death, cells were analyzed using
a FACScan flow cytometer (Becton Dickson), as previously
described in reference 17.

Western blot analysis
Total cell lysates were prepared in lysis buffer (50 mM Tris

[pH 7.4], 150 mM NaCl, 5 mM EDTA, 1% [v/v] Triton X-
100, 1% [w/v] sodium deoxycholic acid, 30 mM Na2HPO4,
50 mM NaF, and 1 mM Na3VO4) containing a freshly added
protease inhibitor cocktail (GenDEPOT, Katy, TX, USA). Cyto-
plasmic and nuclear extracts were prepared using a NE-PER
Nuclear and Cytoplasmic Extraction Kit (Pierce). Extracts
(30 mg) were mixed with SDS sample buffer, boiled for 5 min,
separated by 8% or 10% (w/v) SDS-PAGE and transferred to
nitrocellulose membranes (Millipore). Blots were incubated with
antibodies against DNMT1, DNMT3a, DNMT3b (Abcam),
Topo2A and a-actinin (Santa Cruz Biotechnology).

Reverse transcription-polymerase chain reaction (RT-PCR)
and Real-time PCR

Total RNA was isolated using the QIAzol reagent (Qiagen,
Hilden, Germany) and quantified by formaldehyde-agarose gel
electrophoresis. Single-strand cDNA was synthesized from RNA
(2 mg) using 0.27 mg of oligo dT and the amfiRivert reverse
transcriptase (GenDEPOT). The desired cDNA fragments were
PCR amplified using the following specific primer pairs:
DNMT1, 50-ATG AGC AGC CCA TCT TCC TG -30 (sense)
and 50-CCT CAT CGT CT CTG CCT CC-30 (antisense);
DNMT3a, 50-CCC AGG CAG CCA TTA AGG AA -30 (sense)
and 50-GCG ATC ATC TCC CTC CTT GG-30 (antisense);
DNMT3b, 50-GGC TGT TTG TCT TGT GGC AG -30 (sense)
and 50-GGA ATG GCA GGG TAC AGC TT-30 (antisense);
and GAPDH (glyceraldehyde-3-phosphate dehydrogenase), 50-
TGC TGA GTA TGT CGT GGA GTC TA-30 (sense) and 50-
AGT GGG AGT TGC TGT TGA AGT CG-30 (antisense). The
Opticon system for real-time PCR (Bio-Rad Laboratories, CA,
USA) was used to measure the amount of gene expression. Each
reaction mixture contained 300 nM of forward and reverse
primer, 200 nM of HOT FIREPol EvaGreen DNA ploymerase
(Solis BioDyne, Tartu, Estonia) in a total volume of 20 ml.

Nested PCR
The presence of GFI1 and IL12B was assessed by nested PCR

using the primers listed in Table 2. For the first-round PCR,
1 ml of the reverse-transcribed product was amplified with HOT
FIREPol DNA polymerase (Solis BioDyne, Tartu, Estonia) in a
total volume of 20 ml containing the provided master mix buffer.
To increase the sensitivity and specificity, a second-round PCR
was performed using the first-round PCR product (1 ml) as the
template. The amplified products were resolved by 2% agarose
gel electrophoresis and visualized with ethidium bromide
(0.1 mg/ml) staining.

DNA extraction and sodium-bisulfite modification
Genomic DNA (gDNA) was extracted from the cultured cells

using a QIAamp DNA Mini Kit (Qiagen, Hilden, Germany).
The bisulfite reaction was carried out on 2 mg gDNA, the reac-
tion volume was adjusted to 50 ml with sterile water, and 130 ml
of the provided CT conversion reagent was added. The sample
tubes were placed in a thermal cycler (MJ Research, Waltham,
MA, USA), incubated for 15 min at 378C and for 16 h at 508C,

Table 1. Gene pyrosequencing conditions and primers

Gene name Accession number Start (genomic) Strand Sequence (5’~3’) Tm (�C) product (bp)

ETNK2 NM_018208.1 1819169 Sense TTTATGGGGTATGGAGGAGAA 58 226
1819394 Anti-Sense CCTAACAAAACCCCATCCT

GFI1 NM_005263.2 62924153 Sense TGTTGTGGAAATATTTGGGGATAA 53 121
62924273 Anti-Sense CCACCTCTTCCAAATTTAACCAT

IL12B NM_002187.2 3567357 Sense TAG ATT TTT TGG GTT TTA TA 55 168
3567524 Anti-Sense TAC TAA ACC CTT TAC CCT TC

PLXDC2 NM_032812.7 19790463 Sense TAG GAA ATT TAG TGG GTT TTT 57 193
19790655 Anti-Sense AAT AAA AAA AAC AAA CCA AAA CC

TOPO2A NM_001067.2 1184943 Sense AGGTTGGAGTGTAGTGGAGTAA 59 185
1185128 Anti-Sense TTAAAAACCAACCTAAACAACATAA
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and then stored at 48C. The resulting bisulfite-modified DNA
was purified using an EZ DNA Methylation Kit (Zymo
Research, Orange, CA, USA) and eluted with 40 ml of the
provided M-Elution buffer. Finally, 1-ml aliquots were used as
templates for PCR.

Pyrosequencing analysis
Pyrosequencing primers (one biotinylated and one non-bioti-

nylated) were designed to amplify 3 to 6 CpG dinucleotides in
each target-gene promoter, and PCR was carried out in a volume
of 50 ml with � 50 ng converted gDNA, 2 U Hot/Start Taq
polymerase (Solis BioDyne, Estonia), 2 ml of 10 pmol/ml non-
biotinylated primer and 2 ml of 10 pmol/ml biotinylated primer.
The utilized primers were designed using the PSQ Assay Design
Program (Biotage, Uppsala, Sweden), and are listed in Table 1.
Amplification was carried out according to the general guidelines
suggested by the pyrosequencing protocol, as follows: denaturing
at 958C for 5 min; followed by 45 cycles of 958C for 30 sec,
53»598C for 30 sec and 728C for 30 sec; and a final extension at
728C for 10 min. The quality and purity of the PCR (10 ml)
products were confirmed by 2% agarose gel electrophoresis and
ethidium bromide staining. Pyrosequencing was performed on a
PyroMark ID system using streptavidin Sepharose HP beads

(Amersham Biosciences, Uppsala, Sweden) and a Pyro Gold Kit
(Biotage, Charlottesville, VA, USA); experiments were performed
according to the manufacturer’s instructions without further
optimization. The methylation percentage was calculated as the
average degree of CpG site methylation. All pyrosequencing
experiments were performed twice.

Demethylation
Cells (1£105) were seeded to 60-mm dishes in DMEM con-

taining 10% FBS. After the cells had attached to the dishes, they
were treated with 5 mM of 5-Aza (Sigma–Aldrich) for 72 h.

DNA decatenation assay
Unless otherwise noted, the reagents utilized for this assay

were purchased from TopoGEN (Port Orange, FL, USA). Topo-
isomerase II was extracted from the nuclei of Hep-2 or RR-Hep-
2 cells. The specific topoisomerase II decatenation activity was
calculated based on the ability of a given nuclear extract (contain-
ing the a and b isoforms) or a defined amount of purified
enzyme to completely decatenate a given amount of catenated
input DNA (100 ng kDNA) in a particular amount of time.
Reactions were started by adding ATP (final concentration,
450 mM); samples were incubated 378C for 20 minutes; and
reactions were terminated by placing the samples on ice and add-
ing 4 ml stop/gel loading buffer. Samples (20 ml) were resolved
by 1% agarose gel electrophoresis; the gels were analyzed under a
UV transilluminator; and decatenated kDNA products were
quantified using the ImageJ software.
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